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The rapid increase in the adoption rate of large-scale 3D printing into the 
construction industry has revealed a number of potential applications. This rapid 
implementation has also led to a higher degree of construction process optimisations 
and increased ability of mass customisation. Most existing applications of 3D 
printing technologies in construction are, however, heavily dependent on concrete 
and other cement-based materials, resulting in a pursuit to explore other building 
materials with lower environmental impact and higher adaptability to natural 
contexts. This pursuit has led to re-approaching earth materials and architecture to 
be applied in modern constructions. 
For centuries, earth architecture has offered potential solutions for several problems 
associated with buildings, such as high CO2 emissions, high embodied energy of the 
construction process, and depletion of natural resources. Yet this method of 
construction is possibly on the edge of extinction as its slow and very labour-
intensive process requires highly skilled craftsmen. Thanks to digital construction 
methods and technologies, earth materials can now become a key to promoting a new 
range of sustainable construction solutions that are adaptable to a local context. ‘Cob’ 
stands as one of many types of earth construction methods that has been utilised all 
over the world. Its mix consists of subsoil (earth), water, and fibrous material 
(typically straw), and its construction can comprise a variety of geometries and 





The main aim of this research is to leverage the qualities of conventional cob 
construction as a groundwork for digital innovation through robotic-supported 3D 
printing (3DP) techniques. This aim has been approached through a comprehensive 
feasibility assessment of 3DP cob walls. The feasibility study included four main 
lines of exploration. First is the material fabrication and design process. In this line, 
the research systematically explored the relationship between the revised cob recipes 
and the geometrical and design characteristics offered by the new 3DP system. The 
findings of this exploration provide a new understanding about the opportunities and 
challenges of the current 3DP cob process, which becomes the basis to develop a 
novel 3DP system for earth-based materials.  
The second line examined the structural feasibility of using 3DP cob walls used in 
low-rise residential buildings. This investigation involved monotonic axial 
compression tests, in addition to a numerical modelling via Finite Element Analysis 
(FEA). The results proved the ability of 3DP cob load-bearing walls to support a 
two-storey residential house and meet building regulations. The test also established 
an optimised design chart, describing the relationship between building design and 
the loadbearing capacity of 3DP cob buildings.  
The third line of exploration involved investigating the thermal conductivity of 3DP 
cob walls. The assessment has revealed a lower thermal conductivity of  3D printed 
cob (as low as 0.32 W/mK) compared to its manually constructed cob counterparts, 
which means using 3DP cob for the building walls would potentially reduce heating 
and cooling energy use in the building. 
The fourth exploration focused on assessing the environmental impacts of 3DP cob 
walls using a Life Cycle Assessment (LCA) method, from cradle to site. The results 
showed a superior environmental performance of 3DP cob over the concrete-based 
construction methods while providing the same structural functionality in a one-
story house. The results also indicate that the use of renewable energy resources 
can further boost the environmental potentials of 3DP cob for future 
construction. 
In summary, this research brings 3DP cob construction closer to full-scale 
applications. On a broader scale, the study contributes to the disciplines 
of architectural design and construction by providing a framework capable of 
bridging the knowledge gap between vernacular modes of architecture and 
contemporary digital practice. Moreover, this technology is not exclusive for new 
buildings as it can potentially be a useful strategy for conservation and 
repairing existing cob buildings. This is expected to benefit architects, designers 
and researchers currently looking into indigenous crafts as a source of material 
and design knowledge for a revisited digital-based architecture. 
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Chapter 1 Introduction 
1.1 Research background 
The past two decades have witnessed a dramatic increase in the uptake of 
digital fabrication technologies in the construction industry. 3D printing (3DP) 
technology in particular has been under intense investigation, in an eager 
attempt to adopt it using an upscaled version (Feng et al. 2015). In their studies, 
Kazemian et al. (2017) and Zareiyan and Khoshnevis (2017) demonstrated that a 
well-developed automated construction process, like 3D construction printing 
(3DCP), offers various benefits to the industry, such as freedom of design, higher 
degree of customization, and accelerated productivity. Leveraging 3DP 
technologies in construction has been the most explored technique of digital 
fabrication, with concentrated focus on cement-based materials (Le et al. 2012; 
Perrot, Rangeard, and Pierre 2016; Veliz Reyes et al. 2018). 
Nowadays, several institutions and companies around the world have been racing to 
provide prototypes of full-scale 3DP buildings (Alhumayani et al. 2020). In the past 
two years, the largest 3DP buildings in the world have been constructed in the Middle 
East region, particularly in the United Arab Emirates (UAE) and Saud Arabia (KSA). 
Both countries are pushing their technological boundaries to adopt 3DP technique in 
a broad scale. UAE has contracted a Russian company Apis-core to construct several 
3DP concrete buildings for the government (Apis-cor 2019), while KSA contracted 
a Dutch company CyBe to construct 1.5 million houses using 3D concrete printing 






   
Figure 1. 3DP building in Dubai by Apis-cor (Left) (Apis-cor 2019), and 3DP 
house in Saudi Arabia by CyBe (Right) (CyBe 2019). 
This relentless pursuit after technological advancement in the construction industry 
is expected to cause a massive expansion in the building construction sector, 
resulting in rising concerns over the probable associated environmental implications. 
Even without this technological advancement, the construction sector is already 
responsible for almost 40% of the energy consumption and greenhouse gas emissions 
worldwide (Agustí-Juan and Habert 2017). Furthermore, 50% of the world’s 
processed raw materials are used for construction (Weißenberger, Jensch, and Lang 
2014), while five to eight % of global CO2 emissions are generated from cement 
production (Kajaste and Hurme 2016). Increasing adverse impacts from the building 
industry on the environment and climate has been a global concern over the past few 
decades, making it difficult to achieve zero carbon buildings (Gupta, Barnfield, and 
Hipwood 2014). 
Fortunately, the implementation of digital technology in construction offers great 
potential to minimise environmental impacts from buildings. Agustí-Juan et al. 
(2017) and Shrubsole et al. (2019) suggest that research on implementing 3D printing 
into large-scale construction processes can provide numerous applications for the 
architecture and construction industry. This pursuit of a highly automated 
construction process, combined with the need for low environmental impacts of 
buildings, has resulted in reapproaching earth materials in modern building 
construction.  
In a modern context, earth construction such as cob offer potential solutions for 
several problems associated with buildings, such as the high CO2 emissions, high 
embodied energy of the construction process, and depletion of natural resources, all 
of which are usually associated with the use of concrete (Benardos et al. 2014; 
Chandel et al. 2016). Cob is a type of earth construction, traditionally made of soil, 
water and straw. Cob buildings are known for their high thermal mass, leading 
to good passive thermal design when using thick external walls of 45 cm or 
thicker (Hamard et al. 2016; Ben-Alon et al. 2019).  Cob is also significantly 
cheaper compared to standardised building materials (Quagliarini et al. 2010). 
Unfortunately, cob construction is possibly on the edge of extinction. Earth 
architecture, in general, is slow and labour-intensive construction processes, while 
earth materials remain one of the least studied methods of construction 
(Gargiulo and Bergamasco 2006; Liu et al. 2010; Chandel, Sharma, and Marwah 
2016; Hamard et al. 2016). Digital construction of earth materials could be key to 
promoting the reuse of earth construction in a modern context. Liu et al. (2010) and 
Chandel et al. (2016) have stated that it is important to develop more flexible 
modern construction systems that integrate features of vernacular architecture 
and sustainable construction techniques. In addition, Agustí-Juan et al. (2017) and 
Veliz Reyes et al. (2018) have demonstrated that sustainability potentials can be 
3 
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achieved through the integration of digital fabrication techniques into earth-based 
materials in construction. 
Agustí-Juan and Habert (2017) have highlighted the essential need for more research 
into the environmental benefits of additive manufacturing in construction while the 
technology still relatively experimental. In this respect, the feasibility of 3DP earth-
based materials have been under investigation over the past few years by institutions 
such as the Institute for Advanced Architecture of Catalonia (IAAC) and Cardiff 
University (Veliz Reyes et al. 2019). WASP is an Italian company that has taken this 
investigation further and managed to produce prototypes of 3D printed earth-based 
houses (3D-WASP 2020) (Figure 2). 
Figure 2. 3DP earth house by WASP 3D (3D-WASP 2020). 
Despite these recent studies, there is a lack of definitive information on the 
construction workflow of 3DP cob buildings. The current experiments and 
applications of 3D printing of earthen materials are still in their early stages and 
remain fragmented (Brans, 2013; Wu et al., 2016). Moreover, the conducted 
investigations on the engineering properties (i.e. workability, extrudability, 





environmental performance) of 3DP cob are very little. This lack of information or 
evidence would create reluctance in approving the technique in the modern 
construction industry by practitioners and the regulating authorities. 
1.2 Research scope 
Realising the promise that can be delivered by 3DP technologies to the building 
construction sector and understanding the various benefits of earth construction, this 
research focuses on exploring the potentials of a new digital-based earth construction 
technique, merging 3DP technologies with cob. The explorations have been 
conducted in the form of a feasibility study, where several material/ building 
performance aspects of the material underwent investigations to test the technique’s 
viability for the modern construction industry. There are a number of performance 
aspects to be considered in such a study (as will be discussed in section 2.4); 
however, since 3DP cob technique is proposed as a sustainable construction 
technique, there are certain performance aspects that must be prioritised under the 
umbrella of sustainability. Hence, the research focuses on the fundamental 
performance aspects that explore material workability (i.e. material mechanical 
properties and structural performance) and the environmental performance aspects 
(i.e. thermal properties and environmental impacts).   
1.3 Research aims and objectives 
This research aims to develop new digital-driven knowledge on the use of cob within 





knowledge will be based on a comprehensive analysis of 3D printed cob structures 
for real-scale construction.  
Four objectives have been set to achieve the main aim of the research. Each objective 
combines several sub-objectives, as follow: 
I. Objective 1: To explore the geometrical potentials and possible limitations 
in the process of designing and fabricating 3D printed cob structures. 
• Objective 1.1: To investigate cob mixture’s workability and extrudability 
within the 3D printing system. 
• Objective 1.2: To investigate the correlations between the material 
physical characteristics and the different techniques of material extrusion 
systems. 
II. Objective 2: To investigate the structural capabilities of 3DP cob walls. 
• Objective 2.1: To define the basic mechanical properties of 3DP cob. 
• Objective 2.2: To evaluate the impact of wall section design on the load-
bearing functionality of 3DP cob walls. 
• Objective 2.3: To develop a structural design framework for low-rise 3DP 
cob buildings. 
III. Objective 3: To investigate the thermal performance of 3DP cob walls. 
• Objective 3.1: To define the thermal conductivity of 3DP cob walls and 
compare it to conventional cob walls. 
• Objective 3.2: To investigate the influence of wall section design of 3DP 





IV. Objective 4: To investigate the environmental impacts of 3DP cob walls 
used in low-rise constructions. 
• Objective 4.1: To compare the environmental impacts of 3DP cob walls 
to that of conventional cob walls using Life Cycle Assessment (LCA). 
• Objective 4.2: To compare the environmental impacts of 3DP cob walls 
to that of 3DP concrete walls, and conventional reinforced concrete walls.  
1.4 Research impacts  
The outcome of this research is expected to bring 3D printed cob construction closer 
to full-scale applications. On a broader scale, the study contributes to the disciplines 
of architectural design and construction by providing a framework that will bridge 
the knowledge gap between earth construction and contemporary digital practice. 
The research is expected to provide practical guidelines for utilising 3DP cob 
technique in construction, which will enable stakeholders to make an informed 
decision on the selection of 3DP cob as a substitute to other 3DP techniques such as 
3DP concrete. The research outcomes are therefore expected to provide the following 
key contributions: 
•  Providing fundamental understanding of the rheological behaviour and 
workability aspects of a revised cob mixture under a developed 3DP 
system. 
• Establishing a structural design framework for 3DP cob buildings, which 
allows optimisation of 3DP wall designs based on the structural 





• Identifying the basic thermal performance characteristics of 3DP cob as 
a material, which allows optimisation of 3DP wall designs based on their 
thermal efficiency. 
• Providing fundamental understanding of the associated environmental 
implications of 3DP cob construction, and how it compares to other 
conventional and 3DP techniques.  
1.5 Research methods 
This research has been conducted using a quantitative approach for data collection 
and production through physical experimentation and numerical simulations. The 
research has four lines of investigations, each corresponding to a fundamental 
performance aspect of 3DP cob as indicated in the research scope (1.2). Those four 
investigations are as follow: 
1) Exploration of the geometrical and physical properties: this has been 
conducted through laboratory testing of the 3DP cob composite within the 
3DP tools and systems. 
2) Exploration of the structural performance: this has been conducted through 
laboratory testing of the 3DP cob samples under compression loads. The 
collected data are then used for numerical structural modelling using limit-
state design (LSD) framework. 
3) Exploration of the thermal properties: this has been conducted through 
laboratory testing of the 3DP cob samples using heat flow meters to 





facilitate the process of estimating the operational energy performance of 
3DP cob houses using numerical simulation tools. 
4) Exploration of the environmental impacts: this has been conducted by 
applying Life Cycle Assessment (LCA) as a method for estimating the 
associated environmental impacts with 3DP cob walls. 
1.6 Thesis outline 
This thesis is structured as a “thesis by publications”, which means, according to The 
University of Adelaide’s Graduate Centre (2020), it “ includes journal publications 
that have been published and / or accepted and / or submitted for publication, and / 
or unpublished and unsubmitted work prepared in manuscript-style”. This thesis 
includes four manuscripts, two of which are published (Chapters 6 and 7), one is 
fully accepted (Chapter 4) and the last one is accepted with revisions (Chapter 5). 
Those four manuscripts all together form chapters 4 to 7, in correspondence with the 
four main investigations as stated in the research objectives section.  
All the chapters in the thesis are presented as follows: 
Chapter 1 provides a brief background to the thesis, which exhibits the research 
significance and key contributions to the field. The chapter then describes the aims 
and the objectives of the research, followed by defining the thesis outline. 
Chapter 2 presents a comprehensive review of the recent literature in the fields of 
3D printing technologies in construction and cob construction, with a particular focus 





Chapter 3 outlines a brief methodology for the conducted investigations in the study. 
The study employed both experimental and numerical methods of investigations. 
Note that the details of the methods for each investigation are explained in each 
corresponding chapter. 
Chapter 4 explores the basic correlations between the robotic 3D Printing system 
and the characteristics of cob as construction material. These explorations establish 
a fundamental understanding about the 3D printed material behaviour and how it 
affects the whole design and fabrication process under a robotic 3DP framework. 
This chapter presents an accepted paper for publishing:  
Gomaa, M., Jabi, W., Veliz Reyes, A., Soebarto, V. 2020. Development of 
Large-scale Extrusion System for 3D Printing of Cob Walls. The Journal of 
Automation in Construction. (Accepted manuscript in October 2020). 
Chapter 5 presents the experimental and modelling work to investigate the structural 
capacity of 3DP cob walls to act as load-bearing walls in low-rise buildings. The 
experimentation defines the basic mechanical properties of 3DP cob walls and 
provides a structural design framework and guideline for 3DP cob. This chapter 
presents an accepted paper for publishing: 
Gomaa, M., Vaculik, J., Soebarto, V. &  Griffith, M 2020.  Feasibility of 
3DP cob walls under compression loads in low-rise construction. Journal of 
Construction and Building Materials. (Accepted with minor revisions in 
November 2020). 
Chapter 6 presents experimental work to investigate the thermal properties of 3DP 





and compared to other conventional cob samples. This chapter presents a published 
work: 
Gomaa, M., Carfrae, J., Goodhew, Jabi, W., Veliz, A., 2019.  Thermal 
performance exploration of 3D printed cob. Architectural Science Review, 
pp. 1–8. doi: 10.1080/00038628.2019.1606776. 
 Chapter 7 presents the final feasibility assessment of 3DP cob through a Life cycle 
assessment (LCA) using the cradle-to-site approach. The assessment establishes a 
comparison of the environmental impacts between 3DP cob construction and other 
3D printing and conventional construction methods. This chapter presents a 
collaboration between two studies on 3DP cob and 3DP concrete respectively, 
resulting in a published paper: 
Alhumayani, H., Gomaa, M., Soebarto, V., and Jabi, W. 2020. 
“Environmental Assessment of Large-Scale 3D Printing in Construction: A 
Comparative Study between Cob and Concrete.” Journal of Cleaner 
Production, June. https://doi.org/10.1016/j.jclepro.2020.122463 
Chapter 8 discusses all the findings and concludes the final outcomes of the 
research. The major limitations of the research are also noted, along with 





Chapter 2  Literature Review 
2.1 Introduction 
This chapter reviews relevant literature in order to highlight existing gaps in 
knowledge about 3D printing technology in building construction, particularly of 
earth construction, from issues relating to fabrication to issues relating to assessing 
its environmental impacts. Four major fields of research will be reviewed as follows: 
(1) digital fabrication in construction, (2) sustainability potentials of 3D printing 
technology, (3) vernacular architecture and cob construction, and (4) building 
performance assessments. The sequence of the literature review is designed to 
establish a logical understanding on the emerging need to explore the feasibility of 
implementing 3DP cob construction in a modern context. 
2.2 Digital fabrication in architecture 
The never-ending quest of the construction industry for more complex forms and 
faster process has made traditional construction methods obsolete. The 
implementation of Computer Aided Manufacturing (CAM) and Computer 
Numerically Controlled (CNC) fabrication processes in the building industry have 
empowered designers with digitally driven solutions to achieve the desired 
complexity in their geometries (Soto et al. 2018). The term CNC, also commonly 
known as digital fabrication, includes two main categories: 2D fabrication and 3D 
fabrication. The 2D fabrication technique is basically the CNC cutting technologies, 
such as laser or water-jet nozzles, where the motion of the cutting head involves only 





subtractive, additive, formative and assembly (Figure 3). The Additive Fabrication / 
Manufacturing (AF/AM) is defined as the method of creating geometries by 
materials in a layer-by-layer fashion (Kolarevic 2001). A study by Hague et al. 
(2003) has classified the approaches to digital fabrication in two categories, reductive 





Figure 3. Different types of 3D digital fabrication techniques: 1) Additive (3D-
WASP 2020); 2) Subtractive; 3) Formative (Kalo 2020); 4) Assembly (Kohler 
2006). 
Additive manufacturing techniques, and 3D printing techniques specifically, are 
currently receiving a growing interest within many industries worldwide (Wu, Wang, 
and Wang 2016; Hague, Campbell, and Dickens 2003). There has been a dramatic 





large-scale processes, which has revealed many potential applications for 
architecture and the construction industry (Wu, Wang, and Wang 2016; Agustí-Juan 
and Habert 2017). 
2.2.1 Implementing additive manufacturing in construction 
The perception of the modern construction industry has changed as the industry has 
been actively participating in Additive Manufacturing (AM) and 3D printing (Rayna 
and Striukova 2016; Wu, Wang, and Wang 2016). In recent years, there have been 
multiple attempts in the construction industry to use 3D printing technologies, which 
has led to a substantial enhancement of large-scale 3-D printing techniques for 
building components (Ishak, Fisher, and Larochelle 2016; Wu, Wang, and Wang 
2016; Baumers et al. 2016). According to Hamard et al. (2016), the recent 
engagement between industrial robotic arms and existing AM technologies has 
boosted the capabilities of the 3D printing process and offered significant solutions 
to the current limitations in conventional gantry-style 3D printers. In addition, Lim 
et al. (2016) has pointed out that using 3D robotic printing methods can increase 
printing quality (finishing), shorten printing time, and enhance surface strengths. 
Several universities and companies around the world such as the Swiss Federal 
Institute of Technology (ETH), the Institute for advanced architecture of Catalonia 
(IAAC), WASP© (Italy), Api-Cor© (Russia), CyBe© (Netherlands), and Winsun© 
(China) are aggressively upscaling the 3D printing process to produce full-scale 
construction (Hager, Golonka, and Putanowicz 2016; Geneidy, Ismaeel, and Abbas 
2019). In 2019, both Apis-Cor and CyBe managed to build two of the largest 3D 





specialises in developing large-scale concrete 3DP systems for on-site construction, 
has been contracted by eight institutions around the world to supply concrete 3DP 
systems. 
     
Figure 4. 3DP building in Dubai by Apis-cor (Apis-cor 2019)(Left) and 3DP house 
in Saudi Arabia by CyBe (CyBe 2019) (Right). 
Despite the demonstrated benefits of AM and 3DP in the construction industry, there 
are a few shortcomings in the technology that still require further research and 
technological developments. Craveiro et al. (2019) highlights that 3DP technology 
still requires intense development of current construction materials to adapt to the 
3DP process. In addition, these revised materials will require new codes and 
standards of practice. Further research should also investigate the basic material 
characteristics such as physical, mechanical, thermal, and structural properties. On 
the other hand, Baumers et al. (2016), Wu, Wang, and Wang (2016) and Craveiro et 
al. (2019) have demonstrated that current 3DP technologies have limitations in 
producing certain construction components on large scale in terms of shape and 
topology, where fabricating large non-supported horizontal structures (i.e. ceilings 
and roofs) in addition to vertical voids/ openings (i.e. windows and doors) are still a 
great challenge to the technology.  
Further challenges to 3DP were pointed out by Ngo et al. (2018) in his study, where 
he demonstrated that the design to fabrication process still suffers from a level of 
divergent, as the 3D printed models can exhibit some defects as compared to the 
numerical models, which happen particularly in curved surfaces. In addition, the 
nature of the layer-by-layer printing process causes an anisotropic behaviour in the 
mechanical properties of the material, which means that the microstructure of the 
material inside each layer is different as compared to that at the contact surfaces 
between layers. Another challenge is the corrugated appearance of the surface 
finishing due the nature of additive manufacturing, where in buildings flat-finished 
surfaces are often preferred due to its better functionality (Geneidy et al. 2019).  
2.2.2 Sustainability of additive manufacturing 
Sustainability, as a holistic concept, incorporates three main aspects: environment, 
society, and economy. The construction industry has a significant influence in all 
three aspects of sustainability (Ding 2008; Zabihi, Habib, and Mirsaeedie 2012). The 
rapid emergence of AM in contemporary construction is causing an urge to 
investigate the influence of AM on sustainability (Ford and Despeisse 2016).  
Ford and Despeisse (2016) and Agustí-Juan and Habert (2017) have demonstrated in 
their studies that the adoption of AM in modern industries has three significant 
sustainability benefits. Firstly, it offers an improved efficiency of resources 
implementation during production and use phase, with an estimated 25-60% in 
material reduction and 30 % time saving as compared to traditional manufacturing 
techniques. Secondly, it potentially extends product life as processes such as repair 






value chains, as AM provides shorter and simpler and more localised production and 
supply chains. According to Soto et al. (2018), leveraging AM in construction leads 
to shorter workflow, with great design adjustability in late stage of the process for 
less cost as compared to conventional construction. However, this improved cost 
efficiency is subject to complexity level of construction. Both  Agustí-Juan et al. 
(2017) and Soto et al. (2018) demonstrated in their studies that conventional 
construction outperforms AM in terms of cost, and even environmental efficiency,  
when building simpler geometries. 
Looking into the aspect of environmental sustainability (which is the focus of this 
research), most current research and application of 3D printing technology in 
construction are heavily concentrated on using concrete and cement-based materials 
(Siddika et al. 2019; Geneidy, Ismaeel, and Abbas 2019; Ngo et al. 2018; Shakor et 
al. 2019). This raises concerns over the sustainability of using concrete and cement 
in 3D printing (Kajaste and Hurme 2016) because cement production is well known 
for its high CO2 emissions, with a 4 % contribution to fossil fuel emissions and 8 % 
to global CO2 emission per year (Andrew 2019). Agustí-Juan et al. (2017) supports 
this by stating that the use of concrete and cement in 3D printing may result in 
buildings with high embodied energy and environmental impact. All this contributes 
to the negative influence of the building and construction industry, as it accounts for 
40% of the CO2 emissions and 36% of global fine energy use according to IEA and 
UNEP in (2018). 
The pursuit of a highly automated construction process combined with the need for 





earth materials in modern construction. Hamard et al. (2016) and Chandel, Sharma, 
and Marwah (2016) stated that the integration of vernacular architecture into modern 
construction can enhance the environmental performance of buildings due to the 
improved energy efficiency. Dili, Naseer, and Zacharia Varghese (2010) discussed 
the passive features of vernacular architecture and demonstrated that it leads to a 
comfortable indoor environment without the input of air conditioning equipment. As 
a result, this improves the operational energy in buildings since it reduces the energy 
demand for heating and cooling. Praseeda, Mani, and Reddy (2014) revisited and 
corrected the previous statement by demonstrating in his study that the operational 
energy efficiency of vernacular buildings is strongly influenced by the project 
location and the climate conditions. 
Furthermore, improving the thermal performance of cob walls usually requires larger 
thicknesses of walls due to its large thermal mass, which then increases the embodied 
energy as it involves consuming more raw material (Hamard et al. 2016; Chandel, 
Sharma, and Marwah 2016).  Generally, on the aspect of embodied energy, modern 
construction materials such as concrete tend to have higher embodied energy as 
compared to this of vernacular materials (Shukla, Tiwari, and Sodha 2009). Yet, this 
statement is subject to the sourcing location of the raw material, where transportation 
strongly contributes to the total embodied energy of materials. In a recent a study by 
Alhumayani et al. (2020), a cob building was shown to have 80% less embodied 






Despite all the claimed benefits that AM promises to offer to sustainability, the three 
aspects of sustainability are still considered in need of further exploration. To date, 
investigations into the sustainability of AM have been either focused on the 
environmental aspect (Baumers et al. 2016; Agustí-Juan and Habert 2017; 
Alhumayani et al. 2020) or more recently on the economic aspects (Soto et al. 2018; 
De Schutter et al. 2018), both applied on limited scales. In addition, research on 
assessing the social implications of implementing AM in construction is still lacking 
(Soto et al. 2018; Kothman and Faber 2016; Ford and Despeisse 2016). 
2.3 Cob construction 
Moving from the subject of AM, this section discusses and reviews the topic of 
vernacular architecture in which cob architecture sits, which is essential to provide 
some basic understanding before reviewing the application of entwining AM and cob 
construction. 
2.3.1 Vernacular architecture 
Vernacular architecture is an architectural style based on three main pillars; local 
materials, local needs, and skills of local builders. The perception of vernacular 
architecture has been evolving to reflect different environmental, technological and 
cultural contexts (Niroumand, Barceló Álvarez, and Saaly 2016).  Vernacular 
architecture offers potential solutions for several problems associated with buildings, 
such as high CO2 emissions, high embodied energy of construction process, and the 
depletion of natural resources (Benardos et al., 2014; Chandel, Sharma, and Marwah 
2016). However, in a modern context, the environmental performance of vernacular 
buildings and techniques must still be assessed, most likely under the umbrella of a 
life cycle analysis (LCA) (Häfliger et al. 2017; Agustí-Juan and Habert 2017). It is 
critical to consider the associated impacts of sourcing both the raw material and the 
skilled labour, where remote sourcing greatly influences the overall environmental 
performance of a vernacular construction due to transportation of the 
materials. Transportation is considered one of the major contributors to the 
environmental impacts of construction processes (Alhumayani et al. 2020). 
Earthen materials constructions, used in some vernacular buildings, have received a 
renewed interest in the past few years because, in fact, they provide potential 
solutions for the current environmental issues associated with conventional concrete 
construction. Raw-earth materials are environmentally friendly and highly bio-
sustainable due to requiring limited amount of energy to produce and construct 
(Martín, Mazarrón, and Cañas 2010). However, the energy efficiency of the 
construction process of earth materials is also location-dependent, where 
transportation of raw materials plays a critical role in determining the embodied 
energy of the construction process (Arrigoni et al. 2017; Alhumayani et al. 2020). 
On the other hand, historical earth buildings do not necessarily provide the same 
thermal efficiency as compared to some modern brickwork or light-weight concrete 
block walls (Quagliarini et al. 2010; Martín, Mazarrón, and Cañas 2010). For 
instance, a traditional 600 mm cob wall has a U-value of 0.65 W/m2K, which is 
nearly double the acceptable value (0.35 W/m2K) for external walls by modern 
standards (Butler 2012), while for rammed earth walls  a typical 300-400 mm walls 






The explanation of why earth walls had a historic reputation of being thermally 
efficient in both winter and summer lies in their large thermal mass, which causes a 
slow temperature cycling from the outdoor environment to the indoor. Thermal mass 
is a time dependent thermal behaviour, where the U-value on the other hand, is 
relevant to the steady-state case (Goodhew and Griffiths 2005; Reardon, Caitlin, and 
Geoff 2013). Yet, interestingly, Fox et al. (2019) in his study proposed newly 
designed mixtures for earth-based walls that have lowered U-values, varying 
between 0.34 to 0.14 W/m2K, which meet modern building regulation requirements. 
Several authors such as Liu et al. (2010) and Chandel, Sharma, and Marwah (2016) 
have highlighted another importance of the energy efficient characteristics in earth 
constructions. Most earth constructions have very low embodied energy as compared 
to other conventional materials in construction such as concrete and masonry 
(Hamard et al. 2016). Morton et al. (2005) highlighted in his comprehensive 
investigation on the CO2 emissions of earth masonry in modern wall construction 
that earth bricks had much lower level of embodied energy compared to other 
modern masonry materials (Figure 5). These findings mean that a house made of 
earth walls with an area of 92 m2 can achieve a reduction of 14 tons of CO2 emissions 
compared to aerated concrete blocks. Moreover, according to Pacheco-Torgal and 
Jalali (2012), an estimated reduction of 100 thousands tons of CO2 emissions every 
year could be achieved just by replacing 5% of concrete block masonries by earth 






Figure 5 The Embodied carbon in different masonry materials (Morton et al. 2005) 
2.3.2 Traditional cob construction  
Cob stands as one of many methods of vernacular earth construction (Figure 6). Cob 
is a natural building material that consists of subsoil (earth), water, fibre material 
(typically straw), and sometimes lime. Sand and clay could be also added if required 
(Robert, 2009; Hamard et al. 2016).  Cob is inexpensive and fireproof, while being 
durable and resistant to weathering (Keefe 2005). Cob surpasses other earthen 
materials techniques such as adobe and rammed earth as it provides higher freedom 
of design and ease of construction. The basic difference between Cob and other 
techniques is that Cob constructions are built while the mixture is wet, giving more 
freedom to form organic shapes and curved geometries. Cob also gives the ability to 
modify by cutting out or adding on easily at any time, even after being dry (matching 
perfectly with the 3D printing techniques, as will be discussed later).  Adobe walls, 
on the contrary, are built as dried blocks that have to be dried first in the sun (Evans 
et al., 2002). 













Figure 6. Cob building in Totnes, UK (Veliz Reyes et al. 2018) (left); and Keppel 
Gate cob house in Devon, UK by Kevin McCabe (McCabe 2020) 
Another study by Hamard et al. (2016) shows different classifications of the earthen 
materials construction process. The most appropriate classification is the one based 
on the distinction between wet and dry compaction methods of producing the 
mixtures and constructing the geometries. The wet process describes the use of 
earthen materials at a plastic state, where the mechanical strength of the structure is 
created through the drying shrinkage densification, like Cob and Adobe 
constrictions. The dry process, on the other hand, describes the use of earth mixtures 
after reaching the optimum water content and mechanical strength compaction 
densification (Compressed Earth Block and rammed earth) before being placed into 
the construction (Hamard et al. 2016).  
Cob bricks can be used to build a single-story wall while it is still wet. However, it 
is recommended that to build with wet cob, and maintain good mechanical 
performance, the construction process should be proceeded as a layer by layer 
technique (like 3D Printing). Each layer (lifts) should not exceed 0.5-0.7 m height 





lift to dry. The continuity between the dried and wet layer of cob wall is guaranteed 
due to the high friction coefficient between different surfaces (Quagliarini et al. 
2010).  
The structural system for cob construction in multi-story buildings usually comprises 
timber framing for floors and roofs.  The roofs are sloped with eaves for rain 
protection. The walls traditionally have a thickness of 60 cm (600 mm) on average, 
while the thicknesses of the walls vary according to the expected loads and the 
number of stories (Quagliarini et al. 2010; Weismann and Bryce 2006). Cob wall 
thickness increases proportionally with the number of stories or the height of the 
building, where also the wall can taper to be thicker at the bottom and thinner at the 
top. For example, a two story cob house will have a wall thickness of 60 cm at the 
bottom (Earth Devon 2008), and it can reach up to 150 cm thick at the bottom for a 
three-story cob house (Hamard et al. 2016). The determination of the required 
thickness also takes in consideration the concentration of loads in the wall, such as 
sections under the bearings of floor beams or between two large openings, where the 
thickness must be larger to withstand the higher loads (Earth Devon 2008). 
The mechanical properties of cob depend on several factors: subsoil properties, water 
content, the use of fibres, and the quality of craftsmanship. In a cob construction, the 
load-bearing capacity of cob walls (usually represented as the compressive strength) 
is considered a fundamental mechanical property (Quagliarini et al. 2010; Pullen and 
Scholz 2011). Cob walls are designed with large wall thickness to increase the 
compressive strength in cob construction. However, when compared to concrete or 





strength (Earth Devon 2008).  Cob compressive strength can reach a maximum of 
1.4 MPa (Miccoli, Müller, and Fontana 2014), while the minimum compressive 
strength of concrete with the same dimension is 17 MPa and can reach up to 70 MPa 
(NRMCA 2020).  
2.3.3 3D Printed earth construction 
Several prototypes of digitally manufactured earth have emerged in recent years to 
explore the potentials of reviving earth material in the modern construction context. 
The Italian company WASP (3D-WASP 2020) has been working actively on 
developing 3DP printers of clay and earth materials for several years. In 2018, WASP 
presented the first 3DP earth house using their new 3D printer Crane WASP© 
(Figure 7). The house was entirely printed onsite using locally available material and 
took 10 days to print all its 30 square meters of walls. The earth composite combined 
subsoil, water, rice straw, rice husk, and lime. Rice straw was also used to fill the 
inner voids in the walls for added insulation. However, the house design did not 
utilise the printed cob walls as load-bearing walls, where it used timber frames to 
support the roof loads. 
  
Figure 7. Earth house prototype by WASP in Italy (left), and the 3D printing 





In 2018, Perrot et al. (2018a) conducted a study which is considered the first 
published attempt to explore the structural performance aspect of 3DP earth material. 
The material composite was made from a mix of earth material and alginate seaweed 
biopolymer (as a substitute for straw). The study demonstrated the ability for 3DP 
cob to act as load bearing construction member. Yet, the study also suggested that 
3DP of earth material still requires further exploration for different mixtures, and 
also pointed out the importance of improving the 3DP printing tools. 
To date, most of the research on 3DP in contruction is focused on using cement and 
clay-based materials, which consequently led to an accelerated development of the 
3D printing tools and systems for these specific materials (Geneidy, Ismaeel, and 
Abbas 2019; Shakor et al. 2019). This continuous development in the 3DP systems 
has improved the quality and productivity of 3DP concrete construction over the 
years. Yet, as this was not the case for earth-based materials, the 3DP systems for 
cob still suffers major challenges and limitations that must be overcome before 3DP 
cob is introduced as a viable construction method (Francis 2018; Veliz Reyes et al. 
2018).      
2.4 Building performance 
To understand how 3D printed cob construction performs, it is important to address 
the issue of building performance. The concept of building performance has been 
used for many years in academia and the building industry.  Its importance comes 
from the role it plays in designing new buildings, as well as refurbishing the existing 
ones, when it comes to making decisions to improve the efficiency of the built 





describe the standards of building performance such as ISO 9836:2017, ISO 
52000:2017 and ISO 15392:2019. Nowadays, there are many disciplines that are 
concerned with building performance aspects and its analysis methods (de Wilde 
2018). In addition, modern construction industry has been strongly focused on 
performance and efficiency, driven by the need to make processes, products and 
human activities better. The Oxford English Dictionary (2010) defines performance 
as “the action or process of performing a task or function”. 
Buildings are complex systems that reflect different types of functions. Building 
performance can be approached from either a technical or an aesthetic perspective 
(de Wilde 2018). In both approaches, a building must be designed to exhibit high 
efficiency between its range of functions. All functions must work together to 
provide the following benefits: 
1. Ensure safety of occupants through an adequate structural system. 
2. Protect inhabitants from environmental condition and provide comfort. 
3. Deliver good investment and economical returns. 
The technical performance approach relates to aspects where the building responds 
to external innervation, such as structural loading and weather conditions. According 
to de Wilde (2018) a building must perform a range of functions; building 
performance, then, measures how well the building carries out those functions. de 
Wilde (2018) defines building performance as: 
“Building performance relates to either a building as an object, or to 
building as construction process. There are three main views of the concept: 
an engineering, process and aesthetic perspective. The engineering view is 
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concerned with how well a building performs its tasks and functions. The 
process view is concerned with how well the construction process delivers 
buildings. The aesthetic view is concerned with the success of buildings as 
a form for presentation or appreciation.”  
From an architectural point of view, building performance covers a wide domain of 
technical aspects such as structural and thermal performance (Kolarevic and 
Malkawi 2005; Bakens, Foliente, and Jasuja 2005). Moreover, the rising fears of the 
ever-diminishing resources such as material, energy and money have brought several 
other technical aspects of performance to the light, such as energy efficiency, 
environmental impacts, and  productivity, which together form key aspects later of 
life cycle assessment of the building  (Hitchcock 2002).  
Both Preiser and Vischer (2005) and  Becker (2008)  in their studies stated a list of 
priorities for building performance aspects which includes health, safety, security, 
comfort, function, efficiency, durability, sustainability and aesthetic. Performance 
aspects can be represented as categories. Hartkopf, Loftness, and Mill (1986) 
demonstrated those categories of performance aspects as follows: 
1) Building integrity: such as structural loads, moisture, temperature, fire, natural
disasters.
2) Thermal performance:  such as air temperature, humidity and air speed.
3) Indoor air quality: such as fresh air and pollutants.
4) Spatial performance: such as the layout of spaces, services and amenities,
occupants’ convenience.
5) Acoustical performance: such as sound source, sound path, and sound
receivers.
6) Visual performance: such as lighting, contrast and brightness.
According to Deru and Torcellini (2005), it is critical to consider that each building 
has its own specific reason for being, which must correspond with selected 
performance aspects for analysis. Hence, selecting performance aspects must start 
with a clear vision of the envisaged goals and objectives of the performance analysis. 
In addition, the performance requirements are not necessarily associated with the 
whole building. It can only relate to parts of the building such as a building 
component or a specific system (CIB Working Commission 1982). Kolarevic and 
Malkawi (2005) supported this by stating that the review of building performance 
requirements must be within a context of a specific interest. 
This research mainly focuses on the workability and sustainability of 3DP cob 
within a modern context. Hence, the selected performance aspects must correspond 
to the study specific interest. This research is an early feasibility stage of 
a new construction technique, where technicality of the material performance 
itself is essential to establish design foundations. This means that performance 
aspects such as structural performance and thermal/energy performance play a 
more critical role at this stage than the other performance aspects in the previously 
mentioned list by Hartkopf, Loftness, and Mill (1986).
2.4.1 Structural performance 
For centuries, humans have designed numerous types of constructions to facilitate 
their life and meet their needs. From the beginning, it has become clear that dealing 
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with the statics and mechanics of material is essential, which led to the emergence 
of the early principles of structural analysis and design. This was not exclusive to the 
building industry, but was applied to a wide variety of systems such as the 
automotive and aerospace industries (Rajan 2001). The past 150 years has witnessed 
revolutionary developments in the field of structural engineering, and over the years, 
these developments have led to tremendous enhancements in the use of construction 
materials and in analysing their performance. As the construction methods improve, 
so do the analysis techniques. The need for an early imitation of the imagined 
structures on paper has grown. By the 1950s, the advent of modern computers made 
it possible to analyse more complex structural systems accurately and efficiently 
(Rajan 2001). The term finite element analysis emerged as a good example of 
utilising computational power, which was followed by the evolution of several other 
numerical techniques that enabled solving and optimising structural problems. 
The primary role of structural analysis is to calculate the actions and responses that 
happen to a structure while being exposed to a set of external environmental forces 
such as mechanical loads, imposed deformations, and settlements of supports. 
According to Khalfallah (2018), there is a number of important common features of 
structural performance during the design phase, which are as follows: 
1) Internal forces: axial force, shear force, bending moment and torsion
moment.
2) Reaction from structure support.





Building structures must be designed to withstand the multiple types of loads applied 
to them. Further to the previous three classifications, the loads on a structure can be 
alternatively classified into five families (Khalfallah 2018):  
1) Mechanical loads: usually represents the permanent loads applied to the 
structure (i.e. structure system own weight, deadloads). 
2) Thermal loads: described as the impact of temperature variations on the 
structural elements. 
3) Environmental loads:  represents loads from the external environment 
conditions such as wind and snow.  
4) Seismic or dynamic loads: usually represent the force at the base of a 
construction due to the transmission of seismic waves from the ground to the 
construction. 
A structural and/or civil engineer must carefully evaluate all of the actions that 
potentially impact the studied structure. While the classical methods of calculating 
and analysing structural performance has limitations, the evolution of computer-
based techniques has led to a huge development in the analysis methods. In general, 
the purpose of both the classical and computer-based structural analysis is to ensure 
that the structural design meets the criteria of resistance and economy simultaneously 





2.4.2 Thermal and energy performance 
Buildings are considered large consumers of energy worldwide, with a rapidly 
growing demand for energy to make it functional and comfortable for occupants. 
Most of the energy consumption in the building is associated with achieving thermal 
comfort (Balaji, Mani, and Venkatarama Reddy 2013). Thus, the need for energy 
saving design and strategies in buildings that can also ensure comfort have been 
gaining an increased attention over the past decades. The building envelope consists 
of a configuration of building materials, and the thermal properties of these building 
materials have a critical role in achieving comfort and energy efficient design (Balaji, 
Mani, and Venkatarama Reddy 2013). 
The thermal properties of a material are the properties that describe the material’s 
behaviour when it is subject to heat transfer. Thermal properties come under the 
broader topic of the physical properties of materials. According to Clarke, Yaneske, 
and Pinney (1990), the fundamental thermo-physical properties of a certain material 
are: 
1) Thermal conductivity (W/mK). 
2) Specific heat capacity (J/kgK). 
3) Density (kg/m3). 
Thermal conductivity refers to the intrinsic ability of a material to transfer or conduct 
heat. It is one of the three methods of heat transfer, besides convection and radiation 
(de Wilde 2018). Specific heat, on the other hand, is the amount of heat per unit mass 
of a material required to raise the temperature by one degree Celsius. Defining the 





estimate the thermal performance  of the building and how it will influence the 
thermal comfort of the occupants or the energy use of the building (CIBSE 2015; 
Balaji, Mani, and Venkatarama Reddy 2013; Gomaa et al. 2019). 
Nowadays, the common method of estimating thermal comfort and energy 
consumption in buildings depends on analysing the thermal performance of the 
building via experimentation or modelling tools (de Wilde 2018). These modelling 
tools utilise the basics thermal properties of materials to measure all the possible heat 
exchanges between the building envelope and its surroundings. This then helps 
estimate the energy demand of the building through calculating the expected cooling 
and heating loads (Becker 2008). Thermal modelling software depends on 
sophisticated algorithms that use the thermo-physical properties of materials, as well 
as the local weather data, to calculate the expected building’s thermal performance. 
This consequently enables assessing the potentials of energy efficiency and thermal 
comfort in buildings (Becker 2008). 
The early understanding of the building material’s impact on thermal performance is 
essential to determine energy efficient materials and strategies from the early stages 
of the building design (Joseph, Jose, and Habeeb 2015). In addition, it is also used in 
existing buildings as a tool for energy efficient retrofitting, or in other cases for the 
energy rating processes of buildings (Soebarto & Williamson, 2001; Freney 2014). 
Analysing the thermal performance requires knowledge of the heat flow processes 
through various building elements such as walls, roof, door, windows, etc.  
A building consumes two types of energy during its entire life cycle; embodied 





during the extraction of materials, production, construction and maintenance phases, 
as well as demolition and disposal at the end of building life. The operational energy, 
on the other hand, refers to the consumed energy during the use of the building, such 
as the energy demands for heating, cooling and electricity (Iddon and Firth 2013; 
Hollberg and Ruth 2016; Ortiz, Castells, and Sonnemann 2009). Strict building 
regulations that aim to reduce the operational energy in buildings have been actively 
implemented by many governments around the world during the past few years. 
These implemented measures have caused a shift in the ratio of embodied energy to 
operational energy through the building life cycle (Hollberg and Ruth 2016). 
2.4.3 Life Cycle Assessment 
The environmental implications of the construction industry have come into focus 
during the past few years. The term Life Cycle Assessment (LCA) has been used 
extensively since the 1990s as tool for decision makers, basically to assess the 
resources, the energy flows, and the environmental performance associated with the 
life cycle of certain product (Ekvall and Finnveden 2001; Nilsson and Eckerberg, 
2007; Finnveden et al. 2009). According to Cabeza et al. (2014) and Finnveden et al. 
(2009), the life cycle has four main phases; (1)  raw materials extraction. 2) 
Manufacturing (includes transportation). (3) The use/ operation phase. (4) The end-






Figure 8. The construction Life cycle (nordic.saint-gobain, 2017) 
The International Organisation for Standardisation (ISO) has been publishing a range 
of standards to guide LCA studies such as ISO 14040, ISO 14041 and ISO 14044, 
which describes many aspects of LCA practices. Generally, LCA study consists of 
four main phases (Figure 9): 
1) Goal and Scope Definition: This phase explains the reason to conduct the 
study, while it defines the desired application, the system boundaries, the 
chosen functional unit and intended audiences (Finkbeiner et al. 2006; 
Cabeza et al. 2014). The functional unit has two types; “Whole building” and 
“Building materials component combination” (Kotaji et al. 2003). Within the 
building materials component combination type, the functional unit is 
defined as an appropriate numerical measure of the functions that the goods 





2) Life Cycle Inventory (LCI): This is the phase where all the materials/ 
resources and energy that flow within the life cycle stages are counted and 
quantified as inputs, then all the associated emissions to air, water and soil 
per each input are calculated as outputs, all in relation to the functional unit.  
3) Life Cycle Impact Assessment (LCIA): This phase aims to evaluate the 
significance of the possible environmental impact “indicators” (such as 
global warming, ozone depletion, land use, water use) during the LCI stage. 
4) Interpretation: This final phase aims to evaluate all the data from the LCI and 
LCIA phases in order to discuss the assumptions and limitations, state 
conclusions and draw recommendations (Finkbeiner et al. 2006; Finnveden 
et al. 2009; Ekvall and Finnveden 2001). 
 
Figure 9. The main four phases of LCA study 
Most of the current LCA studies on buildings focus on the external envelope, 
specifically external walls as it forms the majority of building envelopes and have 
greater effect on the building operational energy (Ingrao et al. 2016). A study by 
Agustí-Juan and Habert (2017) has conducted an LCA comparison between digitally 
fabricated and conventional building elements; wall, floor and ceiling. The digital 
fabrication wall and ceiling were constructed using in-situ robot arm (assembly 
technique), while the conventional elements were built using conventional methods 
and had the same size. The study’s main conclusion showed that the use of digital 
















methods, which consequently reduces the environmental impact. The study also 
highlighted that extra functions (e.g. structural, environmental functions) in the 
digitally fabricated construction has high potentials to reduce the overall 
environmental impacts, as these added functions increase the total value.  However, 
these added functions may require more materials, which will be disadvantageous 
from an environmental point of view.  
Another study was conducted by Agustí-Juan et al. (2017) that compared a 3D 
printed concrete wall to a conventional concrete wall. The evaluation mainly 
concentrated on the impact of complexity level of the wall geometry. The study 
performed an LCA analysis from cradle-to-gate stages which included data from 
materials extraction and production, digital technologies production, and robotic 
3DP operation.  The results of the study showed that significant environmental 
benefits are achieved by using digital fabrication for structures with a high level of 
complexity. However, it is highly recommended to conduct further research on 
improving the environmental benefits with a lower level of complexity so that it 
would compete more effectively with the conventional methods. 
Evaluating and optimising the environmental performance of the building sector has 
become essential. Consequently, LCA has become a widely used methodology in the 
construction industry over the past 20 years to evaluate the impacts of materials, 
construction elements, and buildings during their life cycle (Hoxha et al. 2014; Ortiz, 
Castells, and Sonnemann 2009). It is highly recommended to implement LCA 
studies during the early stages of architectural design, as a way to build an informed 
estimation of the associated environmental impacts to the project. Recently, several 
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studies have been conducted on investigating the environmental performance of 
building and construction materials through LCA. These studies aim to empower the 
decision makers with the essential information for the selection of materials and 
technical solutions according to its associated environmental impacts (Singh et al. 
2011; Cabeza et al. 2014; Ingrao et al. 2016). 
2.5 Identifying research gaps 
The review of the literature has highlighted the importance of developing 3D printing 
systems that integrate the sustainability features of vernacular architecture and 
innovative digital construction techniques. Despite the dramatic adoption rate of 
concrete 3D printing in construction in the recent years, the development of earth 
materials 3D printing in construction still suffers a considerable gap, with several 
major applicability challenges to encounter. The research gaps can be summarised 
as follows: 
1) The current experiments on 3DP cob are still in their early stages and remain 
fragmented. The known examples of 3DP cob structures are constructed 
mainly as showcases of the technology capabilities, while the actual 
performance aspects (i.e. thermal, structural) are poorly investigated, with no 
published information on the systematic testing for these aspects.
2) There is also lack of definitive information on the material processing and 
workability within a 3DP system framework, and the correlations between 
material properties and the 3DP tools, which together should provide critical 
information for enhancing the applicability and productivity of 3DP cob 





3) There is a lack of definitive information on the mechanical properties of 3DP 
cob buildings,  which consequently would create reluctance in adopting the 
technique in modern construction. To date, only one published study has been 
conducted to investigate the engineering properties of 3DP cob. Yet, there are 
no published works that establish design guidelines or a code of practice for 
3DP cob. 
4) The potential benefits of 3DP cob for operational energy saving in buildings 
have not yet been explored. These benefits could be expressed as the thermal 
efficiency of 3DP cob represented by its thermal conductivity. This aspect 
reflects the required energy for cooling or heating in a 3DP house, which will 
facilitate the comparison with other types of construction materials, leading to 
an informed decision making on how and when to use 3DP cob in construction. 
5) In general, there is an essential need for more research into the environmental 
benefits of additive manufacturing in construction while the technology is still 
relatively experimental. Hence, Life Cycle Assessment (LCA) studies have 
become a must, as a mean to build an informed estimation of the environmental 
impacts. This directly applies to 3DP cob, where there are no studies on its 
environmental impacts. 
This work aims to address all of the previous research gaps through the described 
methodologies in the following chapter. 
  
Chapter 3  Research Methodology 
In order to achieve the objectives of this research, several research methods were 
leveraged to acquire the missing knowledge in the literature. This research adopts a 
quantitative approach that depends on experimentation and numerical simulations 
for data collection and production. The research consists of four lines of 
investigation, covering the chapters from 4 to 7. Each line/ chapter utilises specific 
methodologies that fit its objectives. The detailed methodology for each line of 
investigation will be explained thoroughly in each corresponding chapter. 
In general, all the four investigations in this research utilise the same cob mixture 
and 3D Printing tools, which were used for the prototyping of the tests’ specimens. 
The formulation process of cob mixtures follows the recommended recipes by 
Weismann and Bryce (2006) and Hamard et al. (2016). The traditional recipe for a 
cob mix consists of 78% subsoil, 20% water and 2% fibre (straw) by weight.. 
The subsoil properties itself is recommended as 15–25% clay (wet) to 75–85% 
aggregate/sand. The subsoil and the straw for this research are both sourced from 
Cardiff in UK. This recipe will be tested and refined to match the requirements of 
the 3DP system.  
A 3D printing system usually consists of two devices: the motion controller and the 
material extruder) (Figure 10). This research uses a 6-axes KUKA KR60 HA 
robotic arm as the motion controller, programmed by Rhinoceros via Grasshopper 
package and KUKA PRC® for robotic control. As for the material extrusion, the 
study utilises electromechanical ram extruders in different mounting styles as 






(left and right). The arrangement of the selected methods for each chapter is 
summarised in the below sections.  
  
Figure 10. diagram of the 3D printing system. 1) The KUKA kr60 HA robotic arm, 
2) the material extruder as mounted on the robot (left) and as stationary (right). 
3.1 Exploration of the geometrical and physical properties 
This investigation starts by experimenting with the correlations between the material 
mixture and the 3DP system. This is approached through the following methods: 
1) Testing of extrusion systems: where different pneumatic and electromechanical 
extrusion systems are tested to determine the most suitable system for cob 
extrusion. 
2) Testing of the material mix workability: this involves a systematic testing of  
correlations between 3D printing workability parameters such as: 1) Extrusion 
rate; 2) Robotic arm motion speed; 3) Nozzle size; 5) Layer height; and 6) 
printing path width. 
3) Prototyping of geometries: this involves exploration of various geometries to 









3.2 Exploration of the structural properties  
This phase involves both experimental testing and numerical simulations and 
optimisation to obtain the compressive characteristics of 3DP cob walls. The testing 
in this investigation has three phases: 
1) Conducting a standard compression test using a Dartec universal testing 
machine, following the standardised procedure in EN 772-1 (CEN 2011). The 
investigation uses three 3DP cob specimens shaped as cylinders of 400 mm 
tall and 200 mm in diameter (Figure 11) 
2) Applying a numerical structural modelling using limit-state design (LSD) 
framework. The structural analysis will consider only deign actions from 
gravity loads, while it will exclude possible loads from the wind or 
earthquake. The analysis involved three prototypes of 3DP cob walls (Figure 
12). Those prototypes’ designs are chosen to represent three of the most 
common wall sections in the current 3D printing in the construction industry. 
They also align with the chosen wall designs in other analyses in this research 
(i.e. the thermal conductivity testing, the environmental impact assessment). 
3) Modelling and optimising an idealised low-rise building to examine the 
feasibility of using 3DP cob walls as loadbearing structural elements. The 
building is tested as one- and two-storey small houses. The study leverages 
two optimisation tools: MATLAB® and Galapagos, which is an evolutionary 






Figure 11. The compression testing set up: the specimens design (right) and 
Dartec compression testing machine (left). 
  
   
Type A Type B Type C 
Figure 12:  Alternate printed patterns considered in this study.  
3.3 Exploration of the thermal properties 
This phase involves experimental testing of the thermal conductivity of the 3DP cob. 
The test uses a heat flow meter Netzsch HFM 446 for thermal conductivity analysis 
(Figure 13). Four scaled specimens are used to represent four envisaged prototypes 
of 3DP cob walls. Each prototype is expected to have different thermal performance, 
which reflect the possible wall designs at full construction scale. Those prototypes 
are as follows (Figure 14): 












2) Double-layered wall with a single air pocket. 
3) Triple-layered wall with dual air pockets. 
4) Double-layered wall with a single air pocket filled with straw. 
The resulting thermal conductivity from the 3DP cob specimens will then be 
compared to several manually built cob specimens provided through the Cobbauge 
project at the University of Plymouth.  
 
Figure 13. Heat flow meter Netzsch HFM 446 
 
Figure 14. The used 3DP cob specimens for the thermal conductivity testing. From 
left to right: 1) Solid wall; 2) Double-layered with single gap wall; 3) Triple-layered 
with dual gaps.  





3.4 Assessment of the environmental impacts  
This investigation utilised the Life Cycle Assessment (LCA) as a method for 
estimating the associated environmental impacts with 3DP cob walls. Guided by ISO 
14040, ISO 14041 and ISO 14044, the LCA study involved the following four 
phases: 
1) Goal and scope: this LCA study aimed to investigate the environmental impacts 
of 3DP cob through a multi-objective comparison. Two materials (i.e. cob and 
concrete) within two construction techniques (i.e. 3D printing and conventional) 
were compared: 3DP cob wall, 3DP concrete wall, conventional cob wall and 
conventional concrete blockworks wall (which included reinforced concrete 
column and beam). The chosen functional unit was a 1.0 m2 load-bearing 
external wall. Wall thicknesses varied in each type based on the followed 
construction recommendation. The chosen scope of the study was cradle to site 
since 3DP cob technology is relatively new and the information on the end of 
life stage (i.e. recycling and waste) are limited.  
2) Life Cycle Inventory (LCI): The study used the SimaPro 9.0.0.35 software with 
the Ecoinvent v3.1 database (Acero, Rodríguez, and Ciroth 2014). The chosen 
processes for the LCA of the constructed walls were raw material extraction, 
transport, material manufacturing, and the energy required for construction. 
3) Life Cycle Impact Assessment (LCIA): The ReCiPe Midpoint (H) v1.03 method 
for impact assessment was used as it provides a wide range of environmental 
categories (Huijbregts et al., 2017; Agustí-Juan et al., 2017). This study focused 
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on the seven most relevant impact categories, as advised by PEFCR Guidance: 
1) global warming; 2) stratospheric ozone depletion; 3) fine particulate matter
formation; 4) marine eutrophication; 5) land use; 6) mineral resource scarcity; 
and 7) water use (AWARE). 
4) Interpretation: This final phase involved evaluating all the data from the LCIA
comparisons in order to discuss the assumptions and limitations and state initial
conclusions. This was followed by a sensitivity analysis to further understand
the impacts and draw recommendations for improvement.
3DP Cob 3DP concrete Concrete blockwork 
Figure 15. Prototypes of the functional units in the LCA study. 
The following four chapters will present details of the research undertaken to address 
all the research questions. 
Chapter 4  Exploration of Geometry and Physical 
Characteristics 
4.1 Introduction 
The transitional process from vernacular modes of architecture to a digital approach 
of construction requires establishing a revised understanding of the material 
behaviour under the new digital workflow. Hence, this chapter presents a 
comprehensive investigations of the basic relationships between the robotic 3DP 
system and the rheological properties of cob. The investigations started by revisiting 
the traditional cob recipe and testing its workability within the 3DP system. The 
process of material testing involved examining several extrusion systems. The 
chapter then addresses an exploration of the new geometric and design possibilities 
that 3DP cob system offers. The findings are expected to establish a fundamental 
understanding of the workability potentials and limitation of 3D printed cob. 
4.2 List of manuscripts 
This part of the research has been produced as a journal article, published in
the Journal of Automation in Construction: 
Gomaa, M., Jabi, W., Veliz Reyes, A., Soebarto, V. 2020. 3D Printing system for 
earth-based constrcution: Case study of Cob walls. Automation in 
Construction. Vol124, 2021, https://doi.org/10.1016/j.autcon.2021.103577.
The paper is presented here in a reformatted version for consistency of the 












4.3 Development of a 3D Printing System for Earth-based Materials: Case 
Study of Cob 
 
 
Development of a 3D Printing System for Earth-based 
construction: Case Study of Cob Construction 
Abstract 
This paper describes a comprehensive investigation of a robotic 3D printing system 
using Cob which is an earth-based traditional building material. 3D printed earthen 
construction materials embody a transition from a vernacular approach to a digital 
research and development process. The paper describes the methodology of 
producing revised cob recipes to suit the purpose of 3D printing. The exploration 
involved the development of a novel 3D printing system based on experimentations 
with several extrusion methods. The paper then addresses a systematic exploration 
of the relationship between the developed 3DP system and Cob, and the new 
geometric and design opportunities it offers. The findings are expected to bring 3D 
printed cob construction closer to full-scale applications. On a broader scale the 
study contributes to the disciplines of architectural design and construction by 
providing a framework capable of bridging the knowledge gap between vernacular 
modes of building production and contemporary digital practice. 
Keywords 
3D printing; Additive manufacturing; Robotic construction; Digital fabrication; Extrusion 




An increasing amount of research on implementing 3D printing (3DP) systems for 
large-scale formats has exposed multiple potential applications for architecture and 
the construction industry (Tay et al. 2017; Wu, Wang, and Wang 2016). Concurrent 
research highlights the advantages of 3D printing in construction to achieve a higher 
degree of process optimisations (e.g. financial, construction time, staffing resource), 
the emergence of new digital processes associated to Building Information 
Modelling and potential for mass customisation, and environmental benefits towards 
the life cycle of 3D printed objects and building elements (Wu, Wang, and Wang 
2016). Additionally, research such as the review paper by  Tay et al. (2017) outlines 
environmental benefits of 3DP in construction as a result of a reduced use of 
formwork (Kothman and Faber 2016). 
Cob stands as one of many types of earth construction methods and it had been 
utilised historically all over the world. Its mix consists of subsoil (earth), water, and 
fibrous material (typically straw). However, similarly to related construction 
methods, cob buildings embody both a material mix, as well as its associated 
construction method. Cob walls are typically built using hand-made material 
deposition on top a plinth, then corrected (e.g. correction of vertical planes) with 
material added or removed before or after drying (Hamard et al. 2016). As a result 
building elements can comprise a variety of geometries, yet the builder is required 
to constantly negotiate the execution with the material properties (e.g. water content, 
drying speed) necessary to achieve the intended design goals without the need for 
formwork or any mechanical compaction method (Figure 1). As a result: 
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• Cob provides a high degree of design freedom and adaptability throughout 
the construction process, where the builder negotiates with the material (and 
its properties) as the building process proceeds (Veliz Reyes et al. 2019), 
challenging the normalised view of robotic 3D printing as a linear process 
from design to production. 
• Cob can be reutilised throughout the construction process, providing the 
opportunity for testing and prototyping design solutions (Kennedy, Smith, 
and Wanek 2015), reducing the amount of waste material and enabling low-
cost project corrections and modifications on-site. 
• Recent research demonstrates that cob complies with modern regulations 
such as UK building performance standards (Steven Goodhew and Griffiths 
2005). 
• When compared to other massing construction materials and methods (e.g. 
concrete), cob has lower CO2 emissions, low embodied energy (Benardos, 
Athanasiadis, and Katsoulakos 2014) and requires a lower degree of 
depletion of natural resources (Steven Goodhew and Griffiths 2005). 
These criteria suggest that 3D printed cob requires further investigation as a potential 
pathway toward more sustainable 3DP practices, with a lesser environmental impact 
when compared to concrete 3D printing (Alhumayani et al. 2020). An early study 
conducted on small material samples (Gomaa et al. 2019) provides evidence that 3D 
printed cob elements have competitive thermal performance standards when 






Figure 1. Exposed cob construction in Totnes, UK. 
Hamard et al. (2016) and Agustí-Juan et al. (2017b) highlight that the integration of 
digital fabrication techniques with vernacular modes of architectural production can 
reveal sustainability potentials for construction applications as compared to other 
cement-based 3D printing methods. This, mainly due to existing forms of cob 
knowledge production (e.g. vernacular construction techniques), emerges from long-
lasting local environmental, material, social and skills contexts of construction 
practice. This research recognises the potential of developing building technologies 
associated with vernacular knowledge and building practices, generating a research 
and development process highly grounded on responsible innovation by leveraging 
local industries and technologies, utilising local materials and workforce (Garrett 
2014). Moreover, the study challenges normalised models of design-to-fabrication 
research by incorporating local, vernacular and material knowledge as a 
methodological consideration and engagement process throughout the study. This 
negotiation between disparate frameworks of material practice (detailed in Veliz 
Reyes et al, 2019), established both in R&D research and in vernacular construction, 
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not only results in emergent material opportunities within a standard design-
engineering professional delivery framework but also enables novel methodological 
approaches to architectural tectonics, local materials and skillsets, digital discourses 
and building technologies.  
A substantial share of recent research on 3DP for construction addresses 3D printing of 
cement and mortar-like materials. As a result, there has been a huge development in 3D 
printing systems for cement-based materials in recent years (Geneidy, Ismaeel, and 
Abbas 2019; Shakor et al. 2019). Different types of extrusion systems are 
currently used for 3D printing; varying from pneumatic pumps and 
electromechanical ram extruders. In spite of these developments, 3D printing of 
earth-based materials, such as cob, still presents several challenges to the market-
available 3D printing systems such as material granularity, material properties and mix 
ratios, or the use of local organic fibres, which must be addressed through extensive 
experimental research before delivering a feasible construction method (Veliz Reyes et 
al. 2018). These requirements highlight the opportunities of vernacular knowledge as a 
source of digital innovation, as it has already tested, iterated and perfected mix ratios 
and earthen architecture production typologies around the world. 
Following early studies of cob 3DP technology (e.g. Veliz Reyes et al, 2018) the 
sensitivity of the printing process to the material mix is currently a major limiting 
factor in the development of construction-scale 3D printing. The hardening property 
of the material mix creates a critical constraint on the speed of the 3D printing 
process (Perrot, Rangeard, and Courteille 2018; T. T. Le et al. 2012). The 
interrelation between hardening time and printing velocity must be monitored 
carefully, as each printed layer must be hard enough to support the weight of the 
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successive layers. At the same time, the material mix must sustain a certain 
rheological behaviour that enables it to be extruded smoothly through the 3DP 
printing system (Perrot, Rangeard, and Pierre 2016; Veliz Reyes et al. 2018). 
Moreover, effective design of material delivery systems may offset some 
irregularities that may be unavoidable in a commercial application, particularly 
considering the effect of specific geological, environmental or geographic conditions 
on the quality of 3DP cob mix. 
Panda and Tan (2018) demonstrated in their study the importance of establishing a 
clear understanding of the rheological behaviour of highly viscous 3D printed 
materials such as concrete. One of the major issues with 3D printing of such materials 
is to balance between the fluidity level and sufficient viscosity simultaneously in a 
way to ensure smooth flow of material through the extrusion system without 
clogging while maintaining the extruded material shape during the printing process. 
In concrete 3D printing, the developed mixtures must be thixotropic in nature, which 
means it should have high yield stress and low viscosity (Panda, Unluer, and Tan 
2018). Other studies by Lipscomb and Denn (1984), (Le et al. (2015) and Choi, Kim, 
and Kim (2014) also highlighted the critical influence of mixture components, such 
as particle size, gradation, surface area and paste/aggregate volume on the flow 
property of the material as they govern the yield stress and viscosity. In his study, 
Perrot et al. (2016) proposed a theoretical framework for the structural built-up of 
3DP of cement-based materials. His proposal showed the correlation between 
vertical stress acting on the first deposited layer with the critical stress related to 
plastic deformation that is linked to the material yield stress. 
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In earth construction, the rheology of the material is the key to control the quality of 
the structures. Historically, adjusting the consistency of cob mixtures depended 
greatly on the on the local know-how, simply though controlling the water to soil 
ratios, or by adding other ingredients such as fibres or lime (Perrot, Rangeard, and 
Lecompte 2018). As the construction industry shows a growing interest in earth 
materials via 3D printing, the need to develop simple and rapid testing for estimating 
earth material workability and rheological properties has increased (Bruno et al. 
2017; Khelifi et al. 2013). According to Perrot, Rangeard, and Lecompte (2018), 
field-oriented tests can be leveraged to estimate material parameters such as the yield 
stress, which will provide important information to describe the rheological 
behaviour of the earth material. Weismann and Bryce (2006) demonstrated in their 
book “Building with cob: a step-by-step guide” detailed the methods for simple field 
tests of subsoil and cob characteristics. The recommended testing procedures were 
established on historical methods for building with cob, all aiming to provide clear 
understanding of the subsoil workability and rheology properties. 
This research leverages the qualities of cob construction to utilise it as a groundwork 
for digital innovation through robotic 3D printing of building elements. This line of 
research has maintained the craft quality of cob as a source of innovative knowledge, 
often developed outside the boundaries of professional and academic frameworks - 
a “vernacular” understanding of the material usually communicated through making 
and practice instead of standard academic communication pathways (Niroumand, 
Barceló Álvarez, and Saaly 2016). This evolutionary approach of vernacular 
architecture as a driver for novel environmental, technological and cultural 
discourses is exploited in this study through an iterative design research method, 
which has developed a material mix for cob 3D printing applications, an innovative 
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extrusion system for cob 3D printing applications, and a series of tests attempting to 
outline emerging large-scale design opportunities resulting from this technology.  
2. Methods and Material 
2.1. The material 
In cob constructon, printing material properties must be considered and formulated 
carefully according to both its wet and hardened states. Wet properties are those 
related to the material in its fresh, or ‘green’ state, i.e. the state that the material is in 
from initial mixing to the point at which it is deployed on site, before drying or 
hardening (Perrot et al. 2018a). According to Le et al., (2012), three basic criteria 
must be met to ensure a successful 3D printing process; extrudability, buildability, 
and workability with time. This means that the material must flow efficiently through 
the system without excessive force and be deposited in layers with minimal 
deformations. At the same time it must be able to support the loads of subsequetnt 
layers before hardening and reaching some degree of structural integrity. The 
transition from printing to hardening must occur within a time frame considering the 
material hardening rate while meeting the overall construction requirements such as 
tolerances for deformation. A similar process is conducted during hand constructed 
cob, as the builder must skillfully negotiate water contents, structural integrity and 
building design throughout the construction process. 
In the context of this study, mix ratios have been reached through an iterative process 
of testing and material characterisation. Weismann and Bryce (2006) and Hamard et 
al. (2016) recommended that the composition of a cob mixture (averages) to be 78% 
subsoil, 20% water and 2% fibre (straw) by weight. The recommendation for the 
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subsoil formula itself is 15-25 % clay to 75-85 % aggregate/sand. This mix, however, 
requires adaptation for 3D printing applications that maximises its fluidity, while 
maintaining printability properties (e.g. layer definition) and structural cohesion (e.g. 
layer height). This study used subsoil sourced from a farmland near Cardiff, UK, for 
the cob specimens. Subsoil specimens were examined according to the 
recommended testing methods in the literature (Steve Goodhew, Grindley, and 
Probeif 1995; Weismann and Bryce 2006): shake test, brick test, sausage test, ball 
drop test. These tests utilized simple deposition tests in order to acknowledge 
typically utilized on-site tests as well as to eventually simplify the material 
characterization process should this method be used in different contexts with little 
or no access to material testing facilities (Figure 2). 
 
Figure 2. The shake test and the brick tests to the three subsoil samples from 
Cardiff.  
However, as cob is traditionally mixed in a nearly dry state, the recommended 
compositions above do not necessarily fit the purpose of 3DP applications where a 
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less viscous rheology is required. Lower water content in the mix leads to higher 
friction between the material and extrusion cycle parts, creating massive pressure on 
the extrusion mechanisms, resulting in increasing wear rate of the parts and reduce 
the long-term efficiency and printing quality. Gomaa et al. (2019) conducted a 
number of systematic tests to reach suitably modified proportions of cob mixtures 
for 3D printing purposes. The testing process included systematic alteration of 
several factors. Water contents of 22, 24, 26, and 28% were tested. The study 
concluded that the water content in the 3D printed cob mixture should be increased 
to an average of 25% while straw remains at 2%, resulting in a subsoil percentage of 
73% (by weight). 
It was anticipated that the increase in the water content will alter the rheology of the 
cob mix during and after the extrusion process. Therefore, it was important to 
examine the behaviour of the cob mix under the extrusion force. This examination 
seeks a systematic understanding of the variation in the printed path size in relation 
to the extrusion rate through the nozzle and motion speed on one side, and nozzle 
size and layer height on the other. Extrusion rate is usually used to express the 
volume of material passing through a given cross sectional nozzle area per unit time 
(mm3/sec). Linear extrusion rate, on the other hand, represents the passing length of 
the material over unit time (mm/sec) (Khan Academy 2015; Zareiyan and 
Khoshnevis 2017).  The study at first examined the synchronization process between 
linear extrusion rate and motion speed. Linear extrusion is chosen so that changes in 
the cross sections of different nozzles will not alter the outcome. Yet, the study 
focused on understanding the vital relation between the layer height and nozzle size, 
and their impact on the printed outcome. Understanding this relation is essential 
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during the process of transforming the designed geometry into accurate contours and 
path lines for the 3D printing framework. The correct, and accurate, estimation of 
the 3D printed size of path lines and the geometry in total increases the quality of the 
outcome.  
A series of tests were conducted to define this relationship mathematically. The tests 
set the nozzle diameter and the motion speed as constants at 45 mm and 80 mm/sec 
respectively, with a synchronised linear extrusion rate at 105 % of the nozzle motion 
speed (approximately 85 mm/sec).  The printed file consisted of five path lines. Each 
line had a different layer height, starting from 15 mm and ending at 35 mm with 5 
mm intervals. Each printed line was then measured and assigned to its respective 
height. This test was repeated three times to observe any possible variation to the 
outcome and increase credibility of estimations. 
2.2. The equipment 
A complete 3D Printing (3DP) system consists of two separate devices: a motion 
controller and a material delivery system. The two must be designed in coordination 
to realise the final 3D printed outcome: the weight of the extrusion system can affect 
the motion controller, or the accuracy of the motion controller can affect the 
tolerance and deformation of the final printed element. The study used a 6-axes 
KUKA KR60 HA robotic arm as the motion controller. The computer software 
package for robotic control was Rhinoceros via Grasshopper and KUKA PRC®. The 
material delivery system is the part of the printer setup which stores, transports, and 
deposits the print medium. The design of the material delivery system is vital to 
successful printing, as the material must be layered with enough accuracy, at a 
consistent and synchronized extrusion rate with the robot motion. Not meeting these 
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needs can easily jeopardise the resulting print quality, which could significantly 
affect the shape and the structural integrity of a printed element. The material 
delivery tool (i.e. the extrusion system) replicated commercial clay extruders that 
exist in the market, which usually use both pneumatic and electromechanical 
techniques. The study then developed a new bespoke extrusion system which will be 
detailed later in the paper. 
2.3. Extrusion system   
Two types of material extrusion methods were tested in this research; 1) Screw-
pump, and 2) Ram extrusion. The screw pump is a method that utilises an auger 
screw in order to transport and compress the material to a specific point, which in 
the case of 3D printing is the nozzle. Upon rotation, the screw acts as a type of 
rotational positive displacement pump, transporting material in the axial direction of 
the screw (Figure 3). Auger extrusion systems may be vertically or horizontally 
oriented. The screw sits within a material hopper, which is filled with material to be 
extruded. The rotating screw then pulls the material through the system. This method 
is used by the WASP Company in their Delta 3MT and 12MT printers, which they 





Figure 3. The two types of the screw pump: vertical screw (left) and horizontal screw 
(right) 
 
Figure 4. Figure Screw pump extruder by WASP 
In ram extruders, a linear force is applied on a piston inside a cylinder ram filled with 
the material. The generated pressure then forces the material through the nozzle once 
a threshold of pressure is reached. These systems are also commercially known as 








1) Pneumatic, using air/gas, by increasing the pressure on one side of a pneumatic 
cylinder, leading to linear motion and an applied force on the plunger of the extrusion 
device. 
2) Electromechanical, using lead screw or screw-jack, which translates circular 
motion from a motor into the linear motion and force exertion required to extrude 
the material. 
 
Figure 5. Scheme of the Pneumatic (right) and electromechanical (left) ram 
extruders. 
2.4. Prototyping and Geometry 
The prototyping process included two stages; the first stage is the calibration of the 
3D printing settings, and the second stage is geometry prototyping. The calibration 
of settings is an important step to enhance the relationship between the robotic arm 
and the extrusion system. The calibration process was designed as a set of 3D printed 
path lines with variable layer heights and speeds. An understanding of the material 
behaviour is pursued through observing the relationship between the layer height, 






from 15 to 35 mm. These heights are chosen to represent a range of ratios in relation 
to the nozzle size, which has a diameter of 45 mm. 
The second stage of prototyping focused on the geometry potentials and limitations. 
The main aim of this step is to examine several geometrical challenges that encounter 
the robotically assisted 3D printing of cob such as the inclined surfaces, arch based 
shapes and maximum height per printing period. The maximum height per printing 
period reflects the achieved geometry height before pausing the printing process until 
the printed geometry gain structural strength through the transformation process 
from wet to dry state (3D WASP 2016). Additionally, it must be acknowledged that 
cob can be reutilised after printing, either through the modification of a printed object 
(while still wet) or through trimming excess cob from already set built elements. As 
a result, the geometric and prototyping processes of cob 3D printing comprise an 
iterative quality which facilitates testing. 
3. Results and Discussion 
3.1. Extrusion System 
3.1.1. Bespoke Screw pump 
Inspired by the vertical screw extrusion system in the commercial Delta12MT 
WASP® (Figure 4), the research team developed a screw pump based on an auger 
bit device. The initial concept was to create a more robot-friendly extruder, where 
the material feed point was stationary, and the extruded material was delivered to the 
robot arm end-effector point through a hose. This design concept aimed to provide a 
higher freedom of movement for the robot, besides an improved practicality of 
material feeding technique as compared to the available cob and clay extrusion 
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system in the market, which requires regular human interference with the extruder 
for material feeding while on the move. 
The used device for this testing was a repurposed auger conveyor, originally 
designed to transport sand. Alterations were made in order to make it suitable for cob 
extrusion (Figure 6). The initial testing of the device showed remarkable 
improvement in terms of extrusion rate, consistency and scale of the printed 
outcome. It was able to achieve a maximum extrusion rate of 80 mm/sec with a 
50mm nozzle diameter. However, this system revealed several major shortcomings 
that required further stage of developments: 
• The extruder jammed consistently due to the build-up of straw and rough 
aggregate at two points in the system; one at the interface between the auger 
tip and the nozzle and another at the interface between the hopper (feed point) 
and the auger. 
• It still required constant human interaction to feed the material through the 
hopper. 
• The whole mechanism was heavy and relatively large, which compromised 
the freedom of movement of the robot, and consequently limiting the 
complexity level of the geometry designs.  
• The attempt of making the screw device stationary and install a hose at the 
screw end (as shown in Figure 3- right) was unsuccessful. Installation of the 
hose increased both the load and the material travel distance beyond the auger 
direct contact surface. The increase in hose length has an inverse proportional 
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relation with the extrusion rate, accompanied by noticeable material 
retraction at the feeding point.  
   
Figure 6. The prototype of the bespoke screw pump. 
3.1.2. Pneumatic 
The experimentation of this extrusion type was inspired by most of the industrial 
clay and concrete extruders, which are based on exerting linear force by using 
pneumatic pumps. The study used a pneumatic linear ram extruder, in which the 
pressure was manually controlled. The ram cylinder had a maximum capacity of 
4000 ml and the used nozzle size was 30 mm Figure 7. The system was compact 
enough to be mounted easily on the robot arm and enable remote control of system 
at the same time. Despite the acquired strength from this extruder, the use of 
pneumatic system for a dense material like cob revealed a series of challenges in 
terms of controlling the extrusion rate, quality and consistency of extrusion. 
Furthermore, it required consistent human interaction throughout the print process to 




Figure 7. The pneumatic linear ram extruder 
3.1.3. Electromechanical  
In order to overcome the drawbacks of the pneumatic system, the study switched 
again to the use of the electromechanical extrusion method in its third phase. This 
phase used a commercial small size screw-jack extruder provided by 3D potter ® 
(Figure 8). The benefit of a screw-jack is that it includes a gearbox, providing extra 
torque at a lower speed. The new system provided a better control over the extrusion 
rate and consistency due to the use of a stepper electric motor, which resulted in a 
higher print quality. However, this extruder by 3D potter is designed to execute 
small-medium size porotypes of clay-based materials, as the standard maximum 
nozzle size was 16 mm. The system had to be modified by attaching a larger 25mm 
bespoke nozzle to be more suitable for cob extrusion. Despite the dramatic increase 
in the printing quality, the new system suffered from a slow printing speed limited 
to 5 mm/sec due to the increased nozzle size. This rate of 3D printing had restricted 
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the progress of the experimentation, while it also restricted the scale of the printed 
outcome which may represent actual wall in a building. Furthermore, the capacity of 
the material container was too small (3000ml) for a large print to be made without 
refilling, and the process of refilling the device was slow as it required almost a 
partial disassembly of the whole extruder (Veliz Reyes et al. 2018). 
   
Figure 8. The electromechanical linear ram extruder and its 3D printed outcome. 
3.1.4. Bespoke electromechanical dual ram extruder 
All the previous experimentations of different extrusion methods have led to the 
development of a completely new extrusion method that can accelerate the creation 
of prototypes, leading to an increased productivity and greater research potentials. 
The previous three experimentations have exposed five critical challenges that face 
robotically assisted 3D printing of cob: 
1) Continuity of printing process. 
2) Maximum extrusion rate. 
3) Consistency and quality of outcome. 
4) The freedom of movement. 
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5) Reduction of human interaction (remote control). 
Each tested extrusion system exhibited a number of advantages and limitations. 
Table 1 summarises the efficiency level of each tested extrusion system based on the 
five previous criteria. The efficiency levels are expressed as Low, Medium and High, 
where low refers to limitations and high refers to advantages. 










Screw pump Medium High Medium Low Low 
Pneumatic Low Medium Low Medium Medium 
E-mechanical  Low Low High Medium Medium 
These criteria are crucial challenges to improve the workability and productivity of 
3D printed cob research and practice. The successful encounter of these issues will 
open the window for more sophisticated explorations on both the 3DP cob mix 
properties and the geometry design aspects. Out of all the previous three introduced 
extruding systems, the electromechanical linear ram has shown promising potentials 
in overcoming the five challenges. However, it suffered mainly from the slow 
extrusion speed and the lengthy process of material reloading. Therefore, it has 
become important to build a new -off the shelf- extrusion system, inspired by the 
core concept of electromechanical screw jacks and capable of tackling the limitations 
of the previous systems. 
The design process of the new system went through different iterations of trials and 
failures before reaching the final design. The initial concept started with the aim of 
building a simple upscaled version of the existing electromechanical screw jacks, 
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shifting it from a single 2000ml cartridge to a single 8000ml, while adding a quick 
release system to accelerate the refill process. However, while this partially solved 
the issue of material quantity, it did not solve the continuity issue as the system still 
required to be on hold while the cartridges were being replaced. To solve this 
problem, an auxiliary cartridge was added in order to cover the hold time for the 
main cartridge to be replaced, but with the two cartridges working sequentially. The 
concept was inspired by small scale PLA and ceramic dual extruder by Leu et al. 
(2011) and 3D-WASP (2020). The first trials were proofs of concept, where 
preliminary prototypes of the system were made in 1:4 scale using 3D printed plastic 
parts. These trials used the standard 2000ml cartridges from the existing 3D potter 
electromechanical screw jack (Figure 9). The dual joint tested two different angles 
(45° and 22.5°) to ensure a smooth merge of the material between the two channels. 
The lower angle (22.5°) showed a smoother merge, hence it was selected to be 
applied in the full-scale prototype. 
The full-scale prototype initially used 3D printed plastic joints and fixtures. The 
whole system was then fixed on a mobile plywood platform (Figure 10). The first 
set of tests of the prototype showed success in terms of proving the workability of 
dual extrusion concept, yet it revealed two critical flaws which affected the extrusion 
process. The plastic parts were receiving a huge amount of pressure externally from 
the screw jacks and internally from the material flow, which eventually led to a quick 
wear and destruction of the parts at the mounting points (Figure 11-left). In addition, 
the accumulating pressure along the axis between the screw jack mounting point and 
the dual joint mounting point made the plywood platform buckle from the middle. 
This buckling forced the cartridge to bend, leading to a material leakage then 
71 
 
eventually a massive crack in the plastic cartridge (Figure 11-right and Figure 12). 
Therefore, to avoid these flows in the final prototype, it was obvious that the system 
components must be fabricated from stronger materials such as aluminium, whereas 
the platform must be reinforced with a metal structure to prevent bending. The 
extrusion system can then be mobile by mounting the whole platform on a mobile 
table. 
 
Figure 9. Initial proof of concept of the system in 1:4 scale using the 45 degrees 
dual joint.  
 




2000 ml cartridge  
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Figure 11. Destruction of the 3DP PLA joints due to pressures caused by the cob 
mix (left) and the destruction of the cartridge due to pressures caused by the 
bending plywood platform (right). 
 
 Figure 12. Buckling of the plywood platform due to accumlitated pressures on 
mutnig points 
The final system prototype introduces a bespoke extrusion system with a unique 
dual-cartridge design (Figure 13, Figure 14). Each cartridge has a capacity of 8000 
ml (total of 16000ml both) and powered by a heavy-duty electric screw jack. The 
screw jacks are supplied by ZIMM® with 25 kN nominal capacity, leveraging a 1000 
mm stroke and capable of delivering 80 mm/sec operating travel speed. The screw 
jacks are powered by two 3-phase motors, 0.75kW each. The motors combine 
electromagnetic braking system that ensures immediate stop to the stroke, which 
minimizes the dynamic response. These specs were specially requested based on 
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calculations of the expected loads in the system, considering factors such as the 
material weight inside the system and the desired extrusion rate. As budget was 
limited, some adjustment to the system design were applied to simplify the 
manufactured parts and reduce the cost without affecting the targeted efficiency. 
Figure 13 shows a scheme of the bespoke dual extruder different components. 
Material cartridges and screw jacks are connected together by bespoke aluminium 
parts, which are designed to provide smooth and fast reloading process. The most 
distinctive aluminium part is the Y-shaped joint that merges the material dual flow 
from both cartridges into a single flow then feed it to a hose. The used hose is 3-
meter-long, made from PVC with a steel-wire reinforcement. The complete system 
is mounted on a mobile platform, allowing transitions around the robotic arm. 
 
Figure 13. Scheme of the new bespoke dual extruder components: 1) Screw jack, 2) 
Cob Cartridge, 3) Steel-wired PVC hose, 4) Nozzle, 5) Aluminum parts, 6) Mobile 











    
Figure 14. The components of the bespoke dual extruder. 
The new system was tested extensively through sequence of calibrations and 
prototyping process, which took place as part of an experiential studio on 3D printing 
of cob at the Welsh School of Architecture in Cardiff University. The system proved 
to be successful in overcoming the five previous challenges as follows: 
1- Continuity of printing process: 
The new system adopts a sequential process of extrusion based on dual lines of 
cartridges. This process can be described in 6 steps as shown in Figure 15:  
Step 1: The process preparation starts by loading two filled cob cartridges on the 
platform. Each cartridge, with its attached screw jack, form a line of extrusion. 
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Few other cartridges are filled with the required amount of cob for the whole print 
and kept in a rack, ready to be loaded on the system later. 
Step 2:  The printing process starts by pumping cob through one cartridge at a 
time using one screw jack (line 1), simultaneously with initiating the robotic arm 
motion to exert the required design. 
Step 3:  As the operating screw jack on line 1 reaches its stroke end, it stops and 
immediately triggers the second screw jack to start pumping cob through the 
second cartridge on line 2 while the first screw jack is retracting. After the 
complete retraction of the first screw jack, the empty cartridge is removed and a 
full cartridge is reloaded. 
Step 4: By the time the first cartridge is reloaded, the operating cartridge will be 
reaching its end of stroke, which then releases the stopping brakes and triggers 
the first screw jack to start pumping cob through the first cartridge while the 
second screw jack is retracting. 
Step 5: After the complete retraction of the second screw jack, the empty cartridge 
is removed and a full cartridge is reloaded on line 2. 
Step 6: The process then repeats sequentially until the end of the required 3D 
printed outcome. 
It is recommended to estimate the whole required amount of material before the 
printing process, then preparing either the exact number of cartridges (for small 
tasks) or just a few extra cartridges and store them in a rack. This will create a buffer 
margin between the process of refilling and reloading, which will ensure continuity 
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of the process and constant flow of cob throughout the whole process, with no need 
to interfere, stop or slow it down. The special design of the aluminium parts also 
enhances the continuity of the process as they combine rails with latching 
mechanism, offering smooth reloading of cartridges on the platform. 
1   2  
3   4  
5   6  
Figure 15. The six steps of the extrusion process in the bespoke dual extruder. 
 
 
Line 2 Line 1 
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2- Maximum extrusion rate: 
The upgraded screw jacks can deliver up to 80mm/sec operating travel speed. Using 
this travel speed with a 45mm diameter nozzle elevates the extrusion rate of cob on 
the nozzle to 120mm/sec, which is nearly 20 times faster than the previous small 
linear ram extruder with 30 mm nozzle. However, based on calibration tests, it was 
found that 50 to 80mm/sec extrusion rate is sufficient for most of the geometry 
testing in this project. Moderate speeds offer a relaxed reloading process and gives 
time to extruded layer of cob to strengthen slightly before receiving the subsequent 
layers. 
3- Consistency and quality of outcome: 
The new screw jack by ZIMM leverages a 25KN ball screw gearbox and 3-phase 
motor controlled by variant frequency driver (VFD). This enables a steady 
operational torque and an accurate control over travel speed, which provides a 
consistent flow of cob. This consistent flow dramatically improves the quality of the 
printed outcome as compared to the previous extruders.   
4- The freedom of movement 
The new system uses a hose to link between the main body of the extruder on the 
platform and the nozzle point. This minimises the mounted mass/ load on the robot’s 
end-effector, as now it only carries the nozzle joint with the hose instead of carrying 
the whole extruder as in the previous pneumatic and small electromechanical linear 
ram extruders. Minimising the contact size between extruder and robot enables more 
degrees of freedom for the robot to move, resulting on broader complexity levels in 
the geometry design if needed. Moreover, the platform itself is mobile and can be 
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easily moved around the robot if required to compensate the possible limitation in 
the hose length.  
5- Reduction of human interaction (remote control) 
The new system is designed to separate between the material feeding point on the 
platform and the extrusion point on the robot’s end-effector. This separation enables 
the reloading of the cartridges without the need to interrupt (stopping or slowing 
down) the robot movement. The cartridges system and the simple latching 
mechanism of aluminium parts also minimise the time required for reloading and 
reduce human interaction time consequently. 
3.1.5. Remarks on the dual extrusion system 
Besides the five previous advantages, the simple, yet innovative, design of the new 
extrusion system made it replicable and also affordable to build as compared to the 
available commercial options. Moreover, the design enables the system to operate 
either as a single or dual extruder with different nozzle sizes. This facilitates the 3D 
printing process for small and medium size prototypes without the need to operate 
the full system. In addition, the new system has potential for successful 
implementation into full autonomous large-scale 3D printing process. The study 
suggests leveraging two on-site 3D printing concepts for that purpose; first one is 
inspired by mobile crane 3DP system by Contour Crafting (2020) Figure 16-left, 
where the robotic arm and the extrusion system can be combined in the crane system. 
The second is inspired by the mobile robotic vehicles which is presented in a study 
by Zhang et al. (2018) Figure 16- right. A revised design for mobile robot vehicle 
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that can combine both the extruder and the collaborative robotic station is suggested 
as in Figure 17. 
  
Figure 16. Mobile crane system for 3DP by Contour crafting (left), mobile robotic 
vehicles by Zhang et al (2018) (Right) 
   
Figure 17. Design of mobile robot vehicle combining both the cob extruder and the 
collaborative robotic station. 1)Primary robot for printing. 2) Secondary robot for 
cartridges reloading. 3) Cob extruder. 4) Cartridges rack. 5) Autonomous robotic 
vehicle. 
It is however important to state that the system is an initial prototype that also 
requires some enhancements and future upgrades. The current design still depends 
on human interaction to initiate and terminate the 3D printing process, in addition to 







also very important to follow good practice while filling the cartridges to avoid air 
pockets and inconsistency, which causes high dynamic response. Also, the current 
material capacity is limited to 12.0 kg/cartridge, which forces large number of refills 
to print a real scale wall. For example, 1×1×0.5 m cob wall would require nearly 45 
cartridges. Another current limitation is associated with the hose length. Increasing 
the hose length over 3 meters was found to be harder to mount on the robot and 
creates higher resistance towards moving and bending. Longer hose is also harder to 
be cleaned from cob leftovers after each printing process. Therefore, several planned 
upgrades will involve: 
• Connecting the VFDs (controllers) of the screw jacks directly to the Robot 
controller unit, where the extruder will be operated simultaneously with the 
robot using the same code file. 
• Increasing the material capacity of the system through upgrading the screw 
jack power and the cartridges volume. Moreover, the current dual-piston 
design could be redesigned to combine four pistons, capable of 
accommodating four cartridges at a time.  
• The introduction of a collaborative robotic process, where a smaller robot arm 
will be part of the extruder platform to execute the cartridge reloading task. 
The required amount of material will be calculated ahead of the process, then 
translated into a number of cartridges. Another machine will be dedicated for 
mixing and refilling the empty cartridges while the prefilled cartridges are 
being used in the extruder. 
• Implementing a shutter mechanism over the main dual Al connections can add 
extra layer of controllability as it will prevent any possible backflow of 
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material during the cartridge reloading process. The current system design, 
however, does not suffer from material backflow due to the acute angle (45 
degrees) of the dual Al piece and the relatively high viscous nature of the cob 
mix. 
3.2. Material mix properties 
The increased water content to 25 % in the new 3DP cob composite, instead of 20% 
for conventional cob composite, has shown satisfactory extrusion in terms of 
consistency and quality of extrusion. It was naturally anticipated that the increase in 
fluidity has proportional relation to the rheology of the cob mix during and after the 
extrusion process. First set of tests explored the synchronization process between 
extrusion rate and robot motion speed. It was clear from the start that the extrusion 
rate must be synchronised with the motion speed of the robotic arm on a 1:1 rate at 
least. Slower rate of extrusion will result in an intermittent printed outcome as can 
be seen in Figure 18-left. On the contrary, increasing the extrusion rate in relation to 
the robot motion speed (using a constant layer height) will result in a more consistent 
print and wider path lines. In Figure 18-right, the path lines A and B reflect a ratio 
of 1.15:1, while path lines C and D reflect a ratio of 1.05:1. The increased ratio of 
extrusion rate to motion speed results in wider path lines under a constant layer 





Figure 18.Explorations of the synchronization process between extrusion rate and 
robot motion speed (left & right) 
Table 2. Relationship between extrusion rate and robot arm motion speed 
Path line code A-B C-D Unit 
Nozzle diameter (D) 45 45 mm 
Layer height (h) 15 15 mm 
Extrusion rate  92 85 mm/sec 
Robot motion speed 80 80 mm/sec 
Path width (w) 88 70 mm 
Extrusion rate to motion speed ratio 115 105 % 
 
The study concluded after several trials that 3D printing with a liner extrusion rate 
of 105-110% of the robot motion speed (1.1:1) considered favourable due to the 
nature of the cob mix, where there are chances of having inconsistent sections of 
materials inside the cartridges that cause slight interruptions in the extrusion rate 
from time to time. It is possible to overcome this issue by installing an extrusion rate 
sensor at the nozzle end that can give live feedback to the variant frequency driver 
(VFD) of the actuator to make the proper adjustments to power. Worth mentioning 







effect” on the printed outcome, where the printed path lines becomes denser and gain 
more structural strength with each new printed layer. 
The second set of tests on the relationship between the layer height, nozzle size and 
path line width has improved the understanding of their influence on the 3D printed 
outcome and printing process in general. As can be seen in Figure 19, each printed 
path line ( A to E) is designed to reflect the relation between a specific layer height 
and its respective path width, where the extrusion rate to robot motion speed ratio is 
set to 110% as advised previously, and the nozzle size is fixed at 45mm. The layer 
heights started with 15 mm at path line A, then the heights were increased discretely 
with 5 mm increment per each path line, ending with 35 mm layer height at path line 
E. Each increase in the layer height exhibited a decrease in the path line width. These 
relationships between the change in layer heights and path line width has been 
recorded and described as the expansion factor in Table 3. This test eventually 
resulted in a model that can estimate the path line width in accordance to the layer 
height and the nozzle size (Figure 20).  
The linear relationship presented in Figure 20 can be described using the following 
equation: 
Estimated path line width (mm) = Nozzle size (mm) × Expansion factor 
where the expansion factor can be obtained from the chart. To explain further; for 
example; under a synchronised motion speed and linear extrusion rate, with a 45mm 
in diameter extrusion nozzle and 25mm layer height (layer height is 56 % of the 
nozzle size) and an expansion factor of 1.6, : 




Figure 19. Exploring the relationship between layer height and nozzle size 
Table 3. Description of the testing on the relationship between layer height, nozzle size 
and path line width. 
Path line code A B C D E Unit 




Nozzle diameter (D) 45 45 45 45 45 mm 
Layer height (h) 15 20 25 30 35 mm 
Path width (w) 88 79 70 62 52 mm 
Layer height to nozzle D ratio 33 44 56 67 78 % 







Figure 20. Path line width estimation chart 
The early estimation of path line’s printed width has enabled the study team to 
implement a code in the Grasshopper definition as part of the 3D model files to 
estimate the printed outcome to provide informed decisions for geometry planning. 
For example, when planning to print a cob wall that has a thickness of 500 mm, using 
a layer height of 25 mm would require a distance of 430 mm between the two path 
lines creating the inner and outer sides of the wall. Increasing the layer height to 
30mm (while using the added definition in the 3D models) will then automatically 
update the distance between the wall path lines to 448 mm.  
In addition to the previous changes in path line width due the extrusion process and 
the forced height by the nozzle, 3D printed cob encounters another cause of lateral 
deformation due to the accumulative loads of each added layer. As the 3D printing 
process continues, more printed layers accumulate on top of each other to create the 
desired height of the geometry. This increase in loads leads to further slight lateral 
and longitudinal deformation as compared to the original virtual model, where it is 
mostly seen in the bottom layers (Figure 21, left & right). It was observed during all 
experiments that the level of deformation depends primarily on the water content in 






























Layer height to nozzle diameter ratio
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(Figure 21- left), which was an early prototype with 22% water content. The higher 
water content of 24-25% leads to a noticeable deformation as in Figure 21- the 
prototype to the right, where the gradual increase in layer heights is 
slightly noticeable from the bottom to the top layers. The recorded overall 
deformation was approximately 2% in the longitudinal direction of the total height 
of the model (around 1 cm for each 50 cm of height). Further exploration for the 
deformation aspects will be tested and presented in future work. 
Figure 21. Prototypes showing the longitudinal deformation due to accumulative 
weight of layers (lower water content to left, higher water content to the right).
3.3. Geometry exploration 
An exploration of various geometries was conducted to examine the capabilities of 
the 3D printing system. The study experimented with three types of geometries. The 
criteria of geometry selection were established on exploring the geometrical 
challenges that face the robotic 3D printing of a simple cob wall with an opening. 
Figure 22 suggests a traditional cob wall with arch-shaped opening to represent 
possible challenges while 3D printing cob walls, without using form work to create 
the openings. The challenges were found to be as follow: 
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A. Lift height (Max. height of continuous 3D printing)
B. Inclined 3-axis 3D printing (horizontal corbelling)
C. Inclined 6-axis 3D printing (radial corbelling)
Figure 22. Geometry challenges in a regular cob wall with an opening. 1) Lift 
height- 3 axis 3D printing; 2) Inclined 3-axis printing (corbelling); 3) Inclined 6-
axis 3D printing. 
3.3.1. Lift height. 
Cob walls are conventionally built of successive monolithic layers of earth called 
lifts. Each lift must be dry enough to a degree that enables it to bear the loads from 
the subsequent lifts. Lift height has an average of 60 cm. (Hamard et al. 2016; 
Weismann and Bryce 2006; Snell and Callahan 2005). Hence, the first geometry 
exploration aimed to examine the maximum height per lift (Figure 23). The geometry 
footprint was designed to have a rectangular footprint of 60x40 cm, with a serpentine 
printing path line that creates the inner pattern of the wall. A serpentine path line was 






(Emmitt and Gorse 2005); second is to extend the printing time per each path line as 
this should give more time for each layer to start drying and gain rigidity before 
receiving the successive layers.    
This test showed that the maximum stable height of the lift was 58 cm, very similar 
to the traditional cob method. Exceeding this height increasingly jeopardised the 
stability of the geometry and it starts showing toppling signs. This finding is also 
supported by the prototypes by WASP (3D WASP 2016). This finding highlighted 
the importance of pausing or reducing the 3D printing speed to give a chance to the 
freshly printed layers to settle properly and gain more structural strength throughout 
the drying process. 
  
Figure 23. Testing the maximum height per printing period. 
3.3.2. Inclined 3-axis 3D printing (horizontal corbelling)  
The Second geometry exploration aimed to examine inclined 3-axis 3D printing, 
where the corbelling happens in the horizontal XY plane only The study examined 
two main approaches, straight and gradual inclination (Figure 24, left-right). Based 




inclination with 1:1.25 slope as shown in Figure 24-left. This was possible to achieve 
without using inner patterns but with slow printing speed of 30 mm/sec. Based on 
several trials, it was observed that high inclinations (more than 40 degrees) are less 
stable and require denser design for inner patterns. On the other hand, using gradual 
inclination required the addition of inner patterns to the geometry, but it showed a 
possibility to achieve nearly 90 degrees of inclination as shown in Figure 24- left. 
However, the increase of the inner pattern, in addition to the serpentine path line, 
caused a dramatic consumption of material per unit volume. 
     
Figure 24. Examining the inclined 3-axis 3D printing; straight inclination (left) 
and gradual inclination (right) 
3.3.3. Inclined 6-axis 3D printing (radial corbelling) 
The third exploration aimed to exercise a more complex style of movement that 
involved all the six axes of the robotic arm. Such added complexity can be leveraged 
to construct arch-based shapes, like catenary vaults and arches Figure 22-C. The test 
was able to achieve 45 degrees of radial inclination in a one continuous print (Figure 
25). It was possible to continue achieving higher degree of inclination, however, the 
geometry started to show instability due to its relatively small footprint (40 x 40 cm). 





previous study under this project using the small scale nozzle and less water content 
(Veliz Reyes et al. 2018). During the printing process of the arch prototype, the study 
observed that the 3D printed cob can gain structural strength from the ramming 
process, which is created by the extrusion forces and robotic arm compression. Also, 
similar to the previous two tests, it was necessary to add an inner pattern to geometry 
to increase the structural rigidity and the printing time per layer. 
   
Figure 25. Testing complex movement through 3D printing arch-based geometry. 
3.3.4. Remarks on geometry testing 
Generally, the previous prototypes generated a record that has become useful to the 
planning of the future work on 3DP cob. Table 4 shows the different characteristics 
for each 3DP geometry. In addition, the testing process have revealed other factors 
which influence the geometry formation and its achieved quality. These factors are 
as follow:  
• The overall footprint of the printed geometry: As longer foot prints, such as 
the external walls of a small house for instance, means more time is spent in 
each layer, which consequently enables the fresh 3D printed layers of cob to 




can be also increased by designing denser inner patterns inside the walls, 
which increase the stability of the printed structure, and also improve the 
thermal performance (Gomaa et al. 2019). 
• Layer height to path line ratio: As discussed earlier in section 3.2, lower layer 
height creates wider path line. The increased footprint of path line offers 
greater stability to the geometry. However, reducing the layer height means 
additional material is consumed due to the increased number of required 
layers to reach the desired total height of the geometry. This also will increase 
the overall printing time. 
• The relation between printing velocity and hardening time: where this study 
did not test systematically the competition between printing velocity and 
material hardening, the study observed that shorter printing paths per layer 
jeopardise the ability of each printed layer to harden sufficiently in order to 
sustain the loads of the successive layers. For instance, in geometry 2, the 
small squared footprint created shorter printing path per layer, which 
consequently required slower printing velocity, while in geometry 1, the 
larger rectangular footprint enabled higher printing velocity. However, this 
issue can be compensated by reducing the printing velocity or design the 
printing process to follow longer paths. This explains why the extrusion rates 
as per Table 4 were all maintained at 6.7 kg/ min while testing the current 
geometries despite the ability of system to reach a flow rate of up to 11 
kg/min. Worth mentioning that replacing the empty cartridge manually takes 
nearly 30 seconds, which is less than the time needed to extrude the other full 
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cartridge This means that the extrusion does not stop at any moment during 
the total printing process.  
Table 4. The different characteristics for each 3DP geometry in the three tests. 
 Test 1 Test 2 Test 3 Unit 
Printing speed 50 50 50 mm/sec 
Volume of printed cob 0.11 0.1 0.08 m3 
Weight of printed cob  198 182 132 kg 
Number of used cartridges 16 15 11  
Total printing time 30 27 20 min 
Extrusion rate 6.7 6.7 6.7 Kg/min 
 
4. Conclusion 
This paper explored the feasibility of combining a low cost and sustainable material 
(Cob) with an innovative robotic 3D printing process that features pre-filled 
cartridges within an innovative dual-extrusion system.  The research project’s aim is 
to shift the focus away from complete automation and towards a human-robot 
collaborative system. Its ethos and origin, as evidenced in previous publications by 
the authors, is based on a model of research grounded in vernacular knowledge, local 
skillsets, and materials. It aims to support local development through digital R&D 
and employability through integrating a declining workforce (traditional cob 
construction) with an emerging technological sector (robotics). 
Counter to conventional wisdom, this paper evidenced that cob can be printed with 
complex geometries using more than three axes. Unlike traditional cob construction, 
the conducted studies found that 3D printed cob walls do not have to be solid which 
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will lead to reduced material use and higher insulation values (due to the air cavities 
inside the geometry) without losing their structural stability. The dual extruder 
system, invented and built by the authors, allows for continuous printing without the 
need to lift the material above the current print layer. Cob can be pre-prepared and 
sealed ahead of time in modular tubes to be inserted at the time of printing. This 
enables a two-stage process where the material preparation phase can happen 
independently of the printing phase.  Producing modular tubes independently can 
lead to a small to medium-scale, decentralized manufacturing business where local 
entrepreneurs provide the supply material in a standard format for 3D printing. This 
model is not dissimilar to the process of providing and recycling pre-filled propane 
gas tanks or desktop printer cartridges. Furthermore, we envisage an automatic 
feeder added to the system where tubes are automatically and alternatingly loaded 
and unloaded – ready to deliver material for 3D printing and where empty tubes can 
be collected and re-filled. A simple computation of printing speed, volume, and daily 
schedule can inform the size of buffer needed for pre-filled tubes and the required 
rate of exchange and delivery. 
The development of a cob dual-extrusion system involved building a series of 
prototypes through a standard innovation delivery process, from basic ideation and 
research, up to proof of concept and prototyping stages. Although further 
development is required before achieving a commercial cob extrusion system, the 
impact of this technology comprises not only the introduction of a new extrusion 
system into the building industry, but more generally addresses the need to 
acknowledge and further investigate the potential of vernacular knowledge and 
buildings to facilitate further research and development. As a result, this technology 
is not only applicable to new buildings but can potentially be a useful resource for 
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cob building repairs (e.g. crack filling, construction of pre-dried cob blocks), as well 
as providing some degree of adaptation and customisation for cob building design. 
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Chapter 5  Exploration of the Structural Performance of 
3DP Cob 
5.1 Introduction 
This chapter presents an investigation of the structural feasibility of 3D printed (3DP) 
cob to be used in low-rise buildings. This was conducted through both experimental 
testing and numerical simulations and optimisation to obtain the mechanical 
characteristics of 3DP cob walls. The obtained values have been utilized in modelling 
an idealised low-rise cob building, as the work ultimately aims to generate structural 
design guidelines for low-rise 3DP cob buildings. These guidelines are expected to 
enable designers to optimise the 3DP cob walls construction according to the 
structural performance and material efficiency.  
5.2 List of manuscripts 
This part of the research has been produced as a journal article, accepted in the 
Journal of Construction and Building Materials: 
Gomaa, M., Vaculik, J., Soebarto, V. & Griffith, M 2020.  Feasibility of 3DP cob 
walls under compression loads in low-rise construction. Journal of Construction and 
Building Materials. (Accepted with minor revisions in November 2020). 
The paper is presented here in a reformatted version for consistency of the 












Feasibility of 3DP cob walls under compression loads in low-rise 
construction 
Abstract 
The rapid adoption of 3D printing (3DP) technologies in construction, combined by 
an increased willingness to reduce the environmental impact of building industry, 
has facilitated reapproaching earth materials for modern building industry. The 
feasibility of 3DP earth-based materials has been under investigation in recent years, 
with a particular focus on cob due to its favourable characteristics toward the 3DP 
process. Yet, there is a lack of definitive information on the construction of 3DP cob. 
Hence this paper investigates the structural feasibility of 3D-printed (3DP) cob walls 
in low-rise buildings. The investigation involved experimental compression tests on 
3DP cob samples to obtain key mechanical properties including the compressive 
strength and modulus of elasticity. These properties were then used as inputs for 
structural analyses with respect to three alternate types of 3DP cob wall patterns to 
evaluate their load-carrying capacity based on a limit state design framework. 
Results from the analyses were implemented in modelling an idealised low-rise cob 
building covering a range of floor spans and wall heights. The analytical study found 
that 3D-printed walls have the potential to sustain gravity loads typical of residential 
construction. Further, since the 3DP material was shown to have similar mechanical 
performance to conventional (non-3DP) cob on the material scale, the 3D printing 
process provides the opportunity to produce wall sections that are structurally more 
efficient than the solid section used in conventional cob construction. This results in 
lower material consumption, making 3DP cob attractive from the point of view of 
resource efficiency. An important outcome of the study is the demonstration of a 





as part of a broader optimisation procedure to satisfy structural and architectural 
design objectives. 
Keywords: 
Additive manufacturing; 3D printing; Cob; Compression test; Limit state design; 
Structural performance optimisation. 
1 Introduction 
Digital fabrication technologies, especially 3D printing (3DP), have been witnessing 
an increasing uptake in many areas of industry (Feng et al. 2015). The construction 
industry has been adopting a scaled-up version of 3DP over the past two decades. 
The increased demand for 3DP technologies in construction industry has also 
encouraged researchers to develop novel ideas toward the full automation of the 
construction process. Several studies have proven that a well-developed digital-
based process of construction offers various benefits such as larger design freedom, 
accelerated productivity, higher degree of customisation, and improved safety of 
construction personnel (Kazemian et al. 2017; Zareiyan and Khoshnevis 2017). 
Among the developed techniques of digital fabrication in construction, 3DP  has 
been the most studied, and has seen a particular focus on cement-based materials 
(Khoshnevis 2004; Le et al. 2012; Perrot, Rangeard, and Pierre 2016; Wang et al. 
2020). This has led in recent years to a rapid spread of 3DP building prototypes 
around the world, as 3DP technology has been increasingly embraced by the 
construction industry (Alhumayani et al. 2020). Among the most notable examples 
are two concrete buildings constructed in 2019: One is the world’s largest 3DP 
building, constructed by Apis-Cor in Dubai, United Arab Emirates having two 





house built by CyBe as part of their contract with the Saudi Arabia Ministry of 
Housing with an ambitious goal to build 1.5 million houses using 3D concrete 
printing (CyBe 2019) (Figure 1). 
  
Figure 1: 3DP concrete building in Dubai by Apis-Cor (Left) and 3DP house in 
Saudi Arabia by CyBe (Right). 
The accelerating rate of global present-day construction is well known to produce 
adverse environmental impacts. Fortunately, the implementation of digital 
technology in construction offers great potential for sustainability (Shrubsole et al. 
2019). For instance, according to Ford and Despeisse ( 2016), additive 
manufacturing (e.g. 3D printing) in construction has several sustainability benefits 
such as improving efficiency of resources, extending product life, and upgrading the 
value and supply chains. 
The increased motivation to harness the sustainability benefits of 3DP technology in 
construction has also recently renewed the interest in earthen construction materials 
after many decades of neglect [11],[14]. Significantly, a recent study by Hamard et 
al. (Hamard et al. 2016) has revealed that considerable sustainability benefits can be 
realised through the integration of digital fabrication techniques with earth-based 
materials, which have low embodied energy, are highly recyclable, and generate 
limited waste. Furthermore, these materials typically have high material density and 





particularly in areas where there is a large difference in daytime and night-time 
temperatures (Hamard et al. 2016; Morton et al. 2005; Ben-Alon et al. 2019). As a 
further benefit, earth-based materials are significantly cheaper per unit volume 
compared to conventional building materials such as concrete or steel (Quagliarini 
et al. 2010), and can under many circumstances result in more economical small-
scale structures. 
Earthen construction has three famous forms: cob, adobe, and rammed earth. Cob, 
which is the focus of this study, is a traditional building material comprising a 
mixture of subsoil, water and straw (or other fibres). It differs from adobe and 
rammed earth by using a wet-based construction technique that offers freedom of 
design while not requiring formwork. It also exhibits excellent maintenance 
characteristics through the ability to apply add-ons or create cuts-out, even after the 
cob is dry (Akinkurolere et al. 2006; Fordice and Ben-Alon 2017; Kianfar and 
Toufigh 2016). This makes cob particularly attractive for 3D printing. 
In recent years, the performance of cob manufactured digitally using 3D-printing has 
been the focus of emergent research at several institutions such as IAAC, Cardiff 
University and Plymouth University (Veliz Reyes et al. 2019).  A proof of concept 
of the idea has also been successfully demonstrated by the 3D-printer manufacturer 
WASP3D by constructing two prototypes of cob houses (3D-WASP 2020) (Figure 
2). And while the focus of the studies to date has been to examine feasibility with 
regard to aspects such as geometry and fabrication process (Gomaa et al. 2021), 
thermal performance (Gomaa et al. 2019), and life cycle assessment (LCA) 
(Alhumayani et al. 2020), examination of structural performance not yet been carried 
out in any significant detail. As a consequence, the pursuit of fully implementing 3D 
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cob in modern construction remains hindered by a lack of engineering guidance for 
structural design. Overcoming this hurdle requires establishing a reliable body of 
experimental test data on the mechanical (structural engineering) properties of 3DP 
cob, as well the development of appropriate structural design and modelling tools 
that can be used by engineering practitioners. 
Figure 2: 3DP cob house fabricated by WASP3D. 
While numerous studies have focused on the mechanical properties of 3DP concrete 
(Feng et al. 2015)(Wang et al. 2020), to the knowledge of the authors only a single 
study to date has investigated the mechanical properties of any 3DP cob-like material 
(Perrot, Rangeard, and Courteille 2018). This study, by Perrot et al., tested material 
made from a mix of earth material and alginate seaweed biopolymer (as a substitute 
for straw which is traditionally used), and demonstrated compressive strength simliar 
to that of conventional (non-3DP) cob. Besides this study, however, there is no 
existing research into the mechanical properties of traditional (straw-fibre) cob 
passed through the 3DP process. Moreover, there are, to the authors’ knowledge, no 
existing studies involving the translation of these fundamental properties toward 
engineering design of 3DP cob on neither the wall nor building scale. 
To address these gaps, this study aims to provide insight into the expected structural 
load-bearing capability 3DP cob walls. This is approached through two steps: The 
first conducts an experimental compression test on 3DP cob samples to obtain the 
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basic mechanical properties including compressive strength, Young’s modulus, and 
Poisson’s ratio. The second step evaluates the wall section geometries (dimensions) 
necessary to perform a load-bearing function in typical residential construction for 
alternate 3DP patterns through a first-principles analysis approach. This is combined 
with an optimisation process to examine the relationship between structural 
efficiency and several design variables such as variable room size, floor heights, 
number of storeys, and wall section properties. The outcomes are expected to 
empower architects and engineers with a model approach for the structural design 
and construction process of 3DP cob. The paper also acts as an essential part of larger 
overarching research by the authors on the feasibility of 3DP cob in modern 
construction. 
2 Structural performance of cob as a building material 
Cob buildings are well-known for their durability and resistance to weathering 
(Keefe 2005). However, the lack of a binding agent (e.g. cement) makes the 
compressive strength of cob (typically < 2 MPa) much weaker compared to concrete 
(typically > 20 MPa) and even other traditional materials such as rammed earth 
(typically 5–20 MPa). This combined with the fact that cob buildings were 
historically built without reinforcement means that building heights are typically 
restricted to low-rise (i.e. between one to three storeys), with most being 2-storey 
(Quagliarini et al. 2010). Some very rare but notable examples of high-rise are found 
however, such as the world heritage-listed towers in Yemen which have up to 9 
storeys (Damluji 2008)(Smith 2020). Cob’s low compressive strength compared to 
other traditional materials is generally compensated-for by large wall thickness 
(Earth Devon 2008; Weismann and Bryce 2006). Multi-storey cob houses typically 
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incorporate light-weight floor and roof systems in the form of timber framing. Floors 
usually comprise joists with wooden decking, while roofs include timber rafters plus 
purlins and have a typically sloped profile with extended eaves to protect walls from 
rain. Walls in multi-storey houses are typically around 600 mm thick, and for 
efficiency they are typically made thinner at upper storeys relative to the ground floor 
(Quagliarini et al. 2010; Weismann and Bryce 2006). 
Mechanical properties of cob are dependent on a number of factors: subsoil 
composition including clay content, straw and water content, degree of compaction, 
and the general quality of the workmanship (Miccoli, Müller, and Fontana 2014), 
(Earth Devon 2008), (Wright 2019). Studies into the influence of the mix 
composition have demonstrated compressive strength to be generally enhanced by 
increased straw content (due to acting as local tensile reinforcement) and reduced by 
higher moisture content (Akinkurolere et al. 2006; Saxton 1995). Table 1 provides a 
generalised overview of test studies to date, summarising the range of reported 
compressive strength (fc) and Young’s modulus of elasticity (E). It is important to 
note that the cob mixtures in these studies vary in terms of their composition, with 
the intention of the table being to demonstrate the broad range of property values 
rather than parametric trends. Compressive strength can be considered to be the 
fundamental engineering property of interest for earthen-material structures, as it 
controls the load-bearing capacity of walls under gravity loads (Quagliarini et al. 
2010; Pullen and Scholz 2011). As indicated by Table 1, compressive strength 
usually falls between 0.4–1.35 MPa, although values less than 0.1 MPa and as high 
as 5 MPa have been reported. Notably, low values of strength (< 0.4 MPa) are usually 
for mixtures with high moisture content (> 15%) (Quagliarini et al. 2010), (Saxton 





(where reported) varies between 2–21%. Stochastic variability has implications 
toward the lower-bound characteristic value that can be adopted in limit state design 
as discussed later. 
The modulus of elasticity varies drastically among the published studies. Most 
reported values fall within the range 4–200 MPa, but outlying values as little as 0.33 
MPa and as high as 850 MPa have been reported. As will be shown later (Section 4) 
the elastic modulus has particular importance toward the load-bearing capacity of 
3DP cob walls due to the potential for local buckling of the printed sections. Data on 
Poisson’s ratio is limited to two studies (Miccoli, Müller, and Fontana 2014) and 
(Quagliarini and Maracchini 2018), who reported mean values of 0.15 and 0.12 
respectively. Additionally, cob exhibits considerably higher material ductility than 
rammed earth and adobe (Miccoli, Müller, and Fontana 2014; Quagliarini and 
Maracchini 2018), as characterised by the ability to maintain stress resistance into 
the post-peak phase of stress-strain response. Miccoli et al. (Miccoli, Müller, and 
Fontana 2014) demonstrated this to be the case under both compressive and shear 
loading. The observed ductility of cob can be attributed to the influence of fibres, 
with fibres in cob being typically longer than those in adobe. This favourable 
behaviour implies that cob may be able to outperform the alternate earthen materials 
under deformation-controlled loading such as earthquake. While this warrants 





Table 1: Compressive strength (fc), elastic modulus (E), and Poisson’s ratio (ν) for 
non-3DP cob. Values presented as a range a–b cover different cob mixtures, if 
applicable. Percentages in brackets denote the intra-batch CoV if specified. Unless 
noted otherwise, the mixtures have moisture content (mc) < 15%. 
Source fc  (MPa) E (MPa) ν 
Houben and Guillaud (1994) 0.10 – – 
Saxton (1995) 0.35–1.75 (mc<15%) 
0–0.2 (mc>15%)  
– – 
Ziegert (2003) 0.45–1.40 170–335 – 
Coventry (2004) 0.48–1.24 (3%–10%) 0.33–1.25 – 
Akinkurolere et al. (2006) 0.6–2.2 – – 
Weismann and Bryce (2006)  0.77 – – 
Quagliarini et al. (2010)  0.24–0.40 (mc>15%) 4.0–40 * – 
Pullen and Scholz (2011)  0.45–0.89 (22%) 11–69 – 
Keefe (2005)  0.6–1.4  – – 
Minke (2012) 0.5–5.0  60–850  – 
Miccoli et al. (2014) 1.59 (2%) 651 (68%) 0.15 (4%) 
Rizza and Bottger (2015)  0.60 (13%) 71.5 – 
Brunello et al. (2018)  0.71–0.87 (8%–15%)  – – 
Quagliarini and Maracchini (2018) 1.12 (5%) 16.9 (4%) 0.12 (66%) 
Vinceslas et al. (2018) 0.50–0.76  110–350 – 
Wright (2019)  1.22–1.53 ** (18%–21%) 
0.77–2.45 *** 
– – 
Jiménez Rios and O’Dwyer (2020) 0.70 (12%) 143 (23%) – 
Notes: 
* E determined from reported stress-strain curves 
** Specimens with varied straw content 
*** Specimens with varied soil clay content. 
 
The only study, to the authors’ knowledge, that has undertaken material testing on 
any 3D-printed earthen material is a recent study by Perrot et al. (Perrot, Rangeard, 
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and Courteille 2018), which used a cob-like material incorporating alginate seaweed 
biopolymer as a substitute for straw. The produced material achieved a compressive 
strength between 1.2–1.8 MPa, demonstrating that 3DP earth material has the 
potential to achieve compressive strength toward the higher end of that for 
conventional non-3DP cob (Table 1). 
3 Compression tests on 3D-printed cob cylinders 
This section reports laboratory tests performed on 3DP-cob cylinders to quantify 
fundamental mechanical properties necessary for design. Among the side objectives 
of these tests was also to ensure that the 3D printing process did not produce any 
unexpected strength reduction compared to conventional non-3DP cob (Table 1). 
Such a reduction could be conceivable due to the altered form of the material as a 
result of being stacked in layers rather than being a homogeneous mass. Due to the 
lack of a structural testing standard specific to earthen materials, the study adopted 
general principles for the testing of quasi-brittle materials, as recommended by 
(Fabbri, Morel, and Gallipoli 2018). 
3.1 Test Specimens 
3.1.1 Material mix preparation 
In the 3D-printing process, the material must flow efficiently through the system, be 
deposited as layers and harden properly to reach a structural integrity threshold 
within an acceptable time frame that meets the construction requirements (Le et al. 
2012). The properties of the input material must therefore be formulated carefully 
considering both their wet (pre-hardening) and hardened states. According to 
Weismann and Bryce (Weismann and Bryce 2006) and Hamard et al. (Hamard et al. 
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2016), traditional cob mixture typically comprises 78% subsoil, 20% water and 2% 
fibre (straw) by weight. This however produces a nearly dry mixture with low 
flowability, making it unsuitable for 3D printing. To overcome this, the adopted 
mixture followed an alternate, 3DP-suitable mix developed by the authors in a 
precursor study (Gomaa et al. 2019). In the adopted mix, the water content was 
increased to an average of 25%, subsoil was reduced to 73%, and straw was 
maintained at 2% (by weight). The mixture used locally-sourced wheat straw 
chopped into lengths between 30 and 50 mm, as longer straw lengths were found to 
be unsuitable causing blockage inside the extrusion system. The composition of the 
subsoil (sourced from Cardiff, UK) was examined using methods recommended by 
(Goodhew, Grindley, and Probeif 1995; Weismann and Bryce 2006) and found to 
contain 19–20% clay and 80–81% aggregate/sand. This is in good agreement with 
subsoil composition recommended in the literature (Weismann and Bryce 2006) 
(Hamard et al. 2016) (15–25% clay to 75–85 % aggregate/sand). 
It is worth mentioning that, despite the increased moisture content in the 3DP cob 
mixture prior to the printing process, the final printed cob (forming the geometry) 
tends to have a lower moisture content. This phenomenon was observed during the 
extrusion process, where the cob mixture loses some of its moisture while being 
compressed inside the extrusion system. The moisture is released in the form of 
leakage around the cob cartridges connections. The moisture loss estimated by 3%, 
leaving the actual printed cob structure with 22% moisture content. This favourable 
reduction in moisture content improves the structural stability of the printed layers 
and reduce shrinkage. Shrinkage is an important aspect in cob construction, however, 
it was outside the scope of this study, especially as the observed shrinkage in the 
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used specimens was very small (2% approximately), and there were no signs of 
cracks in the specimens during the drying period.  
3.1.2 3D-printing of the test specimens 
The test specimens in this study were printed using a 6-axis KUKA KR60 HA robotic 
arm (Figure 3). The software package for robotic control was Rhinoceros via 
Grasshopper and KUKA PRC®. An electromechanical dual ram extruder, developed 
by the authors in a previous study (Gomaa et al. 2021), was used for the material 
delivery. The test specimens comprised 400 mm-tall cob cylinders with an average 
diameter of 200 mm (Figure 4). Each cylinder was contoured as 14 successive layers, 
with an average height of 28.6 mm per layer. The nozzle had a 45 mm diameter. The 
robotic arm moved in a circular pattern, with an average motion speed of 35 mm/sec. 
Figure 3: Robotic 3D printing of the cob specimens: virtual model on Rhino (left) 
and the real output (right). 
3.2 Test arrangement and method 
The wet test specimens were left to dry after 3D printing for 29 days prior 
to testing date. The specimens were subjected to uniform axial load in a 
universal testing machine (Figure 4). Prior to the test, the loading platens of the 
machine were coated with grease to minimise frictional confinement. The rate 
of applied load was approximately 0.077 MPa/min, with each test taking about 





The test apparatus monitored the applied load and axial (longitudinal) displacement 
between the two platens using a built-in linear variable differential transformer 
(LVDT). Due to the impracticality of applying strain gauges to the irregular surface 
of the specimens, horizontal deformation (necessary to evaluate the Poisson’s ratio) 
was quantified in post-processing using digital image correlation using high-
resolution video footage captured during the test. A total of three samples were 
tested, with examples of the failed specimens shown in Figure 5. 
   
Figure 4: Compression test setup (left) and the cylindrical specimen (right).  
   









The observed stress-strain behaviour is shown in Figure 6. Each specimen exhibits 
quasi-brittle response with an approximately linear rising branch, followed by a 
reduction in slope up to the peak, and continued softening in the post-peak zone. The 
plotted stress was calculated as σ = P/A, where P is the applied force and A is the 
average cross-sectional area of the specimen (31,400 mm2). Axial strain was 
computed as εaxial = Δ/L, where Δ is the displacement measured platen-to-platen, and 
L is the length of the specimen (400 mm). 
 
Figure 6: Stress-strain behaviour of compression test specimens. 
The properties derived from the test, including the compressive strength, elastic 
modulus, and Poisson’s ratio, are summarised in Table 2. The average unconfined 
compressive strength (fc) of the specimens is 0.87 MPa. This compares favourably 
to the strength of non-3DP cob reported in the literature (Table 1) with most reported 
values falling within 0.4–1.35 MPa. On this basis there does not appear to be any 
obvious reduction in strength introduced by the 3DP process. Despite a limited 
number of samples, the variability is low (CoV = 4%). It should be noted that the 
reported compressive strength corresponds directly to the peak stress reached during 












































confinement resulting from the compression apparatus platens, test standards 
typically apply a correction factor to the measured peak stress to obtain a size-
invariant unconfined compressive strength. For instance if these results were to be 
interpreted according to the test standard for masonry units (EN 772-1, (CEN 2011)) 
a correction factor of 1.25 would apply on the basis of the test specimen dimensions. 
However, for conservatism in the subsequent analysis in Section 4 this factor is taken 
as 1. 
The elastic modulus (E) was evaluated as the slope of the σ-ε curve along the initial 
rising branch before the onset of nonlinearity. The mean E of the tested specimens is 
22.9 MPa (CoV = 10%). This falls into the lower end of values determined for non-
3DP cob (Table 1) (median ≈ 60 MPa). As demonstrated later (Section 4), the elastic 
modulus is influential on wall load-bearing strength as it controls the local buckling 
capacity of the printed cross section, providing impetus for future investigations into 
3DP-suitable cob mix design to focus on increasing the material stiffness. Poisson’s 
ratio (ν) was calculated as the ratio of lateral to longitudinal strain over the initial 
elastic portion of response, producing a mean value of 0.22. This is consistent with 
the range of scatter reported by (Miccoli, Müller, and Fontana 2014) and (Quagliarini 
and Maracchini 2018) for non-3DP cob (Table 1). 
Table 2: Results of compression test including unconfined compressive strength (fc), 
elastic modulus (E), and Poisson’s ratio (ν). 
Sample fc (MPa) E (MPa) ν 
1 0.88 22.7 0.16
2 0.83 25.3 0.28
3 0.89 20.6 0.21
Mean value  0.87 22.9 0.22 





4 Evaluation of the feasibility of loadbearing 3DP cob walls 
This section examines the feasibility of using 3DP cob walls as loadbearing in low-
rise residential buildings. The design actions considered here are from gravity loads 
only, excluding possible loads from the wind or earthquake which can be highly 
region-specific.  
4.1 Method of structural analysis 
While there are some expected similarities between the general behaviour expected 
for 3DP cob walls and walls constructed using unreinforced masonry or concrete, 
the design codes for these more established materials are not necessarily translatable 
to 3DP cob. Therefore, the wall’s load-carrying capacity is evaluated using first 
principles while adhering to the concepts of limit state design. This includes using 
characteristic values of material stress capacity (rather than mean values), and 
applying factors to upscale design loads and downgrade the design capacity. 
4.1.1 Limit state design 
Capacity adequacy checks were performed according to a limit state design 
framework. With reference to the compressive strength, the design check can be 
expressed using the generalised form 
𝑁∗ 𝜙𝑁  (1) 
In Eq. (1), Nc* is the design compressive force acting on the wall, determined as γS, 
with S being the unfactored working load and γ being the load factor (greater than 
1). In turn, ϕNc is the design compressive capacity of the wall, determined as the 
basic capacity Nc multiplied by the capacity reduction factor ϕ (less than 1). To 





capacity Nc is calculated using the characteristic compressive strength, fc’, defined 
as the lower-5th-percentile value. 
4.1.2 Selection of wall sections 
Three different types of printed patterns were considered as part of this feasibility 
study; these are referred to as A, B and C, as shown in Figure 7. These three designs 
align carefully with the wall sections in two previous studies that investigated the 
thermal performance and life cycle analysis (LCA) of 3D-printed cob by Gomaa et 
al.  (Gomaa et al. 2019) and Alhumayani et al. (Alhumayani et al. 2020) respectively. 
The criteria for choosing these wall sections are based on meeting variable design 
requirements such as adequate thermal insulation, efficient use of material and 
structural integrity. A generic vertical cross section of a wall is shown in Figure 8. 
Because the 3D printing process in the current study dispenses the cob material in 
circular cross sections while being flattened down into wider layers, the resulting 
vertical shells do not have a constant thickness (Figure 8). Rather the shell thickness 
ranges between an inner value, tin, and outer value, tout, as shown. Both tin and tout 
could be estimated for a specific geometry according to a number of parameters in 
the 3D-printing process setup, such as the layer height, nozzle size and the extrusion 
rate (Gomaa et al. 2021). On the basis of typical printed patterns, tout – tin is taken as 
20 mm, and the average thickness (t) is defined as t = (tin + tout)/2. For each section 
type, the nominal wall depth (d) is defined as the distance between the centrelines of the two 
external ‘face’ shells; and a denotes the dimension between the internal ‘web’ shells (Figure 
8). In all of the subsequent analyses, a was taken equal to d. 
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Type A Type B Type C 
Figure 7:  Alternate printed patterns considered in this study. 
Figure 8:  Definition of geometric properties along a generic cross section. d 
(wall thickness),  a (distance between the pattern cycles). 
Evaluation of the wall’s compressive capacity requires the wall’s area (A) and out-
of-plane moment of inertia (I). These were calculated for each type of section by 
conservatively taking the shell thickness as tin. For comparative purposes, the 












Table 3: Section properties for the alternate printed patterns. Each considers a 
reference section with tin = 50mm and d = 500mm. Properties accented by a bar (X̅) 















A 50 60 500 200,000 9.32×109 145 
B 50 60 500 212,000 8.60×109 137 
C 50 60 500 241,000 9.23×109 181 
4.1.3 Wall compressive strength 
The compressive strength of a generic (3DP or no-3DP) cob wall requires 
consideration of its member capacity under combined axial load and eccentricity 
moment with the potential for global buckling combined with material failure. A 
3DP wall however differs from a solid wall in that the section capacity can be 
governed by local buckling of the shell structure. Thus, the compressive stress 
capacity of the section was evaluated as  
𝜎 , min 𝜎 ,𝜎 ,  (2) 
i.e. the lesser of the stress to cause material crushing (σmat) and local buckling
(σbuck,loc). 
The material crushing limit in Eq. (2) was taken as the characteristic (lower-5th-
percentile) compressive strength (σmat = fc’). The characteristic strength was 
estimated to be 0.62 MPa, based on the assumption that it follows a lognormal 
distribution with mean = 0.87 MPa (Table 1) and CoV = 20%. The capacity of each 
of the three section types to withstand local buckling was determined using the finite 
element analysis package ABAQUS. The model analysed for each type of printed 
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section was built using shell elements and comprised a full-sized wall subjected to 
a uniform compressive force at its top and bottom boundaries. Since the study did 
not experiment physically a full-size 3DP cob walls, the FEA assumed that the 
joints between the web and the outer flanges of the walls are well-bonded. 
However, this assumption may not reflect the actual testing conditions of 3DP 
walls and it requires future verifications of results. The length and height of each 
wall were taken as 2 m. These dimensions were chosen using trial and error by 
satisfying the conditions of being were sufficiently large not to influence the 
computed local buckling stress, but not excessive to cause global buckling. 
A visual examination of the resulting buckling mode shape was undertaken to 
confirm that it indeed corresponded to local buckling of the shell structure. A 
typical local buckling shape is shown in Figure 9 and is characterised by the face- 
and web-shells deforming perpendicular to their local planes in an alternating 
pattern, while maintaining the original angle at shell junctions. The corresponding 
load capacities are summarised in the last column of Table 3 as the load per unit 
length of the wall (P̅ buck,loc). These capacities were computed by assigning the 
material properties E = 22.9 MPa and ν = 0.22 as informed by the material tests. 
The local buckling stress used in Eq (2), was evaluated as σbuck,loc = P̅ buck,loc/A̅ . 
Figure 9: Visual representation of a typical local buckling failure mode in a wall 





The member capacity of the wall was evaluated from first principles by treating it as 
a column under eccentric loading with the potential for global buckling. In this 











  (3) 
where P is the applied axial load; e is the net eccentricity of the applied load 
(described later); A and I are the section’s area and moment of inertia; c is the 
distance from the centreline to the extreme compressive fibre, equal to (d+tin)/2. The 





where Le is the effective length taken as the floor-to-floor or floor-to-roof height (see 
Figure 9), and other properties as defined previously. 
The wall’s unfactored load capacity was evaluated by assigning σc,max [from Eq (2)] 
to σmax in Eq (3) and solving for P. This solution was obtained numerically, since Eq 
(3) cannot be formulated explicitly in terms of P. The limit-state design capacity was 
obtained by applying the capacity-reduction factor ϕ = 0.5 as per AS3700 (Standards 
Australia 2002), such that: 
𝜙𝑁 𝜙𝑃 . (5) 
4.1.4 Modelling an idealised low-rise building 
To examine the feasibility of 3DP cob walls as load-bearing structural elements, the 
study considered an idealised 1- and 2-storey house. Schematic representations of 





walls carry only the roof load, while in the 2-storey house they carry loads from the 
roof and suspended floor. In each scenario, the total compressive force acting on the 
wall also incorporates self-weight as calculated at the ground level. 
The forces imparted to the wall by the roof and the floor depend on their respective 
dead load (self-weight plus superimposed permanent load), live load, and span. The 
roof and floor are treated as one-way-spanning, so the load that they apply to the wall 
can be calculated as the total pressure load multiplied by a tributary width (Ltrib). The 
tributary width depends on the configuration of the wall within building. In the case 
of an external wall, it is equivalent to half the span of the floor/roof beam [LW(1) or 
(3) in Figure 10]. For an internal wall, it includes the sum of the contributions from 
each side [LW(2) in Figure 10]. Further, if the wall contains an opening, a simplistic 
treatment can be to scale the tributary width pro-rata depending on the proportion of 
solid wall to openings. For instance, if half of the wall is perforated by openings, 
then the tributary width becomes twice what it would be if the wall were solid. 
G  , Qroof roof
G , Qfloor floor







G  , Qfloor floor
 
Figure 10:  Overall building geometry, Two-storey (ns = 2) double-bay building 
with internal and external walls, indicating the definition of wall height (Hw) and 






The gravity loads used in the analysis are representative of residential construction 
as prescribed by loading standards (e.g. (Standards Australia 2002)). The adopted 
unfactored loads are summarised in Table 4.  The total dead load of the suspended 
floor is taken as 1.0 kPa, which allows for a timber joist plus timber deck floor 
(typically 0.5 kPa) in addition to a superimposed permanent load (0.5 kPa). The floor 
live load is taken as 1.5 kPa allowing for general residential occupancy. The dead 
load of the roof is taken as 0.9 kPa, making allowance for timber framing (rafters + 
purlins) with clay roof tiles. The live load on the roof is taken as 0.25 kPa. 
The self-weight of the wall was calculated based on its section area, taking the weight 








where P*roof is the load applied by the roof, P*floor by the suspended floor, and P*wall 
is the self-weight of the wall over a single storey height Hw. Each P* is taken at the 
ultimate limit state using the load combination 1.2G+1.5Q (Standards Australia 









Table 4:  Summary of constant inputs used in the feasibility study. Explanations 
are provided in the text. 
Property Value 
Cob material properties:  
Elastic modulus, E 22.9 MPa 
Characteristic compressive strength, fc' (See note 1) 0.62 MPa 
Weight density, γ 18 kN/m3 
Poisson’s ratio, ν 0.22 
  
Unfactored loads:  
Roof dead load, Groof 0.9 kPa 
Roof live load, Qroof 0.25 kPa 
Floor dead load, Gfloor 1.0 kPa 
Floor live load, Qfloor 1.5 kPa 
  
Limit state design factors:  
Compressive strength capacity reduction factor, ϕ 0.5 
Ultimate limit state design load combination 1.2G + 1.5Q 
  
Eccentricities (e) of applied load (w.r.t. wall centreline): (See 
note 2) 
 
Load from roof 0.1 × Dout 
Load from floor 0.25 × Dout 
Self-weight of wall 0.05 × Dout 
Notes: 
1. Determined from mean strength fcm = 0.87 MPa by assuming lognormal 
distribution and CoV = 20%. 







4.1.5 Connection details and load eccentricity 
It is important to consider that the floor and roof will generally apply the resultant 
load eccentrically with respect to the wall’s centreline, and this generates an out-of-
plane bending moment that can have a major influence on the wall’s load-carrying 
capacity. The eccentricity of the applied load is controlled by the connection detail. 
While the development of the connection details falls into the domain of detailed 
structural design and is outside the focus of this work, conceptual illustrations of the 
assumed connections are shown in Figure 11. 
The connection between the roof and wall can be achieved by supporting the timber 
rafters using a timber bearing block, in turn resting on a spreader block that 
distributes the load onto the wall (Figure 11a). This detail is assumed to generate an 
eccentricity e = 0.1 Dout, with Dout as defined in Figure 8. The assumed wall-to-floor 
connection involves partial penetration of the joists into the wall and are supported 
by a bearing block and spreader block (Figure 11b), which is assumed to produce an 
eccentricity of 0.25 Dout. It should be noted that a connection in which the floor is 
supported outside the extent of the wall is not advised, as it would generate an 
eccentricity > 0.5 Dout and significantly diminish the load-bearing capacity. The 
aforementioned values of the assumed eccentricities are consistent with similar 








           
(a) Wall-to-roof connection (section 
view).  
(b) Wall-to-floor connection (section 
view). 
Figure 11:  Potential connection details and definition of eccentricities (e) of the 
applied load (F). 
 
Additionally, for sake of conservatism the self-weight of the wall is assumed to act 
at an eccentricity of 0.05 Dout to allow for any incidental geometric imperfection of 
the wall. The internal bending moment was calculated as the sum of each applied 
load P* (i.e. P*roof, P*floor, P*wall) and its respective eccentricity, which dividing by the 





The net eccentricity was used as the input value of e in Eq (3). 
4.1.6 Optimisation methods 
The 3D-printed sections in Figure 7 can be defined by two variables: the nominal 
wall depth (d) and average shell thickness (t). To determine the most efficient section 
needed for load-bearing functionality, an optimisation process was undertaken to 
minimise the material volume while ensuring that the load capacity remains 















adequacy, the limit state design formula [Eq (1)] can be rearranged and expressed as 





where both the capacity and design load are functions of the optimisation variables 
d and t. 
As a proxy for the material volume, we can adopt the area per unit length of the wall 
(A̅), since the two are directly proportional. Therefore, the optimisation process to 
determine the optimal t and d can be expressed as: 
Minimise A̅, by varying t and d, subject to the constraints: 
a. u ≤ 1 (ensure structural adequacy), 
b. t > 0, d > 0 (positive values only), 
c. d ≥ t (for a section to be valid, shell thickness must not exceed effective 
depth). 
To cater for varying architectural requirements on the building geometry, this 
optimisation was performed at different combinations of the wall height (Hw), 
tributary width (Ltrib), and number of storeys (ns). Constant inputs and their values 
are summarised in Table 4. 
The optimisation problem was solved using two different methods, in order to 
provide a means of cross-verifying the results and to examine alternate approaches 
to the representation of results. The first approach used a continuous optimiser in 
MATLAB, in which t and d can adopt any values along a continuous domain.  The 
second approach used the evolutionary optimiser Galapagos  in the Rhino-





optimisation (NLopt) and GUI algorithms (Johnson 2010). The continuous 
optimisation algorithm in MATLAB is the computationally faster of the two 
approaches; yet, implementing the optimisation in Grasshopper provides key 
advantages to the overall construction process, such as: 
1) Direct link to the 3DP system (i.e. 3D printers and robotic arms), which enables 
an efficient fabrication process of the models. 
2) An inclusive control over the design-to-fabrication framework, which includes 
geometry design and other performance optimisation aspects such as thermal, 
lighting and environmental impacts. 
3) Better visual representation of the modelling results in real time, which 
facilitates envisaging the building geometry and its aesthetics (Figure 13). 
 
 





   
Figure 13: Visual representation of the optimisation process of Galapagos (left) and 
a sample of the visual generation of results for wall type C in Grasshopper (right).  
 
4.2 Results 
The typical relationship between capacity utilisation and the wall section is 
illustrated in Figure 14, which plots contour lines of equal utilisation (u) as a function 
of shell thickness (t) and nominal wall depth (d). The graph corresponds to a specific 
case where Hw = 2.5 m, Ltrib = 3.5 m, and ns = 2, but the general trends can be 
considered representative regardless of the exact values of these inputs. The thick 
black contour line corresponding to u=1 represents sections whose capacity exactly 
matches the design load. Thus, the grey shaded area above u=1 encompasses sections 
that are structurally adequate. The red dashed line delineates the zones where the 
section is compact (governed by the material crushing) as opposed to slender 
(governed by local buckling), as per Eq (2). The black dashed lines bound the range 
of t values that correspond to available nozzle sizes in the 3DP system used in the 
present experimental study. 
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Figure 14: Typical utilisation contour plot for varied shell thickness (t) and nominal wall 
depth (d). Grey area indicates the zone where the wall’s capacity is adequate for the 
design load. The dashed red line delineates compact sections (material stress failure) from 
slender sections (local buckling failure). In this example: Hw = 2.5m, Ltrib = 3.5m, ns = 2. 
For any of the printed patterns (A, B, C) the area per unit length is approximately 
proportional to shell thickness (i.e. t ∝ A̅), which allows the shell thickness to be used 
as a proxy for material consumption. Therefore, in the graphical representation in 
Figure 14, the optimal section occurs at the trough of the contour line u=1, where t 
becomes minimised. Notably, the u contours follow distinct trajectories in the 
compact- and slender-section zones, and the optimal solution always occurs at the 
boundary that delineates them. In the compact-section zone, there is a roughly 
inverse relationship between t and d; this is because a section with a reduced depth 
requires a thicker shell to maintain the necessary section area and moment of inertia. 
In the slender-section zone the capacity is governed by local buckling of the shell, 
and hence increasing the section depth requires an increase to the shell thickness to 
maintain the capacity. The existence of an optimal section also demonstrates that the 
hollow 3DP wall sections offer improved material efficiency compared to equivalent 













range of interest, the design capacity of the wall is governed both by the material’s 
compressive strength and elastic modulus. 
4.2.1 Design charts using experimentally-quantified material properties 
The load-bearing capability of 3DP cob walls is demonstrated in Figure 15 and 
Figure 16 through model ‘design charts’ that plot the t and d dimensions of the 
optimal wall section minimising material volume. These plots are based on the inputs 
in Table 4, which include the material properties as quantified through the tests in 
Section 3. Figure 15 keeps the wall height constant at 3.0 m while varying the 
tributary width up to a maximum of 6 m. Conversely, Figure 16 maintains a constant 
tributary width at 4.0 m while varying the wall height between 2.5 to 3.5 m. The 
range of wall height and tributary width was selected to reflect the practical range of 
interest in a typical residential building. Each figure considers the three alternate 
printed patterns (A, B, C), and a 1- or 2-storey building. The corresponding area per 
unit length (a proxy for the material consumption) of the optimal sections is plotted 
in Figure 17 and Figure 18, demonstrating the relative efficiency of the alternate 
sections. 
Figure 15:  Dimensions t and d of optimised sections at varied tributary width and 





bottom row for double storey. Each graph shows t on the left y-axis and d on the right y-
axis. 
Figure 16:  Dimensions t and d of optimised sections at varied wall height and 
constant tributary width of 4 m. Considers section types A, B, C. Top row is for 
single storey, bottom row for double storey. Each graph shows t on the left y-axis 
and d on the right y-axis. 
Figure 17:  Cross-section area 
per unit metre for the optimised 
sections whose dimensions are 
plotted in Figure 15 (constant 
wall height of 3 m). 
Figure 18:  Cross-section area 
per unit metre for the optimised 
sections whose dimensions are 
plotted in Figure 16 (constant 






Application of established structural assessment principles in conjunction with the 
experimentally quantified properties has demonstrated that 3DP cob walls could 
safely sustain gravity loads in typical residential construction for up to a two-storey 
building with sufficient space sizes and reasonable thicknesses of walls. The design 
charts produced using this process (Figure 15 and Figure 16) describe the 
relationships between the different design variables so as to achieve the most 
efficient section (minimising material volume) while ensuring structural adequacy. 
Looking into the design charts, it is observed that a wall with a small section area A 
consumes less material in 3D printing. However, using small wall section area may 
also result in a less efficient architectural design with possibly compromised 
aesthetics and thermal performance, in addition to other workability challenges in 
the 3DP printing system to exert walls with small section area. 
A previous study by Gomaa et al. (Gomaa et al. 2021) found that 3DP of large-scale 
cob walls require a nozzle of a size no less than 40 mm, resulting in an average shell 
thickness (t) that varies from 40 to 80 mm. Lower diameter sizes will slow down the 
printing process. They can also cause clogging problems inside the extrusion system. 
On the other hand, using larger nozzles leads to a higher consumption rate of material 
and less control over accuracy. Hence, for small load-carrying demands, not only is 
the wall section governed by structural requirements, it is also determined by other 
considerations such as thermal requirements, aesthetics, and the constraints of the 
3DP apparatus.  
The trends in the charts, as they are plotted now, present a range of the structurally 





fabrication process for the alternative section types (i.e. A, B, C). These variables, 
with their range of values, are summarised in Table 5. 
Table 5: The suggested range values of the basic wall design variables in the design charts 
 
1 storey 2 stories 
 Min (mm) Max. (mm) Min (mm) Max. (mm) 
Shell thickness (t) 23 40 35 118 
Wall thickness (d) 250 400 320 800 
The results in general suggest that the Type A wall section is the most efficient for 
structural and material use considerations, followed by B then C. Nevertheless, it is 
essential to decide what kind of efficiency is at stake for a specific project. In other 
words, from a structural engineering viewpoint, ‘efficiency’ might refer only to 
achieving adequate structural performance with the minimal amount of material. Yet, 
from an architectural perspective, the notion of efficiency also combines aspects such 
as design function, thermal performance and environmental impacts. To elaborate 
further, the thermal performance efficiency of 3DP cob was explored thoroughly in 
a recent study by Gomaa et al. (Gomaa et al. 2019) . The study proved that the voids 
within the 3DP cob walls dramatically improve thermal efficiency compared to solid 
cob walls. This means, when looking into the three wall types A, B and C in this 
study, their order of structural efficiency does not necessarily imply that they have 
the same order for thermal efficiency. Hence, it is highly recommended to consider 
analysing the holistic performance of the chosen wall type, including structural, 






5.1 Case study of a 3DP small house 
As explained previously, the approach to leveraging the design charts depends 
greatly on the architectural design intentions and requirements. To elaborate this, a 
case study demonstrating an envisaged design process of a small cob house is 
presented and analysed in this section. The process starts with a simple floor plan 
indicating the zoning and the dimensions of spaces. For the purpose of this study, the 
house is designed to combine four spaces with different sizes and openings to 
represent typical design requirements. Spaces’ dimensions vary from 2 m to 4 m 
wide, with constant wall heights of 3.0 m. The roof and the suspended floor in the 2-
storey house alternative are treated as one-way spanning as shown in Figure 19. Each 
load-bearing wall (numbered 1–7 in Figure 18) has its characteristics detailed in 
Table 6 and Table 7 for 1- and 2-storey alternatives respectively. The non-
loadbearing walls (unnumbered in Figure 19) can adopt the minimum required 
dimensions for each pattern (A, B, C), by treating it as a wall supporting zero 
tributary width (Ltrib = 0). This case is analogous to a wall that needs to support only 
its own self-weight. However, assigning different Ltrib for each wall can add 
complexity to the design and lower the efficiency of construction process. Therefore, 
non-loadbearing walls are recommended to be treated as case by case based on each 
design goals and requirements. 
Table 6 and Table 7 indicate the process to assign the particular t and d to each wall 
in the building using the design charts from Figure 15. The process starts by defining 
the location of the wall (i.e. internal, external) and the direction of the floor and roof 
spans, which dictate the basic tributary width supported by each wall based on the 





upscaled in relation to the ratio of the openings (as described in section 4.1.4). For 
instance, a wall containing 50% openings (measured in the plan view) carries an 
effective tributary width equal to double the basic tributary width. The effective 
tributary width is then used to allocate t and d from the design charts for the particular 
wall type (A, B, C). Note that for simplicity, the effective tributary widths in Table 
6 and Table 7 are rounded up to the nearest integer. Figure 20 demonstrates the 
finalised floor plan after assigning the selected t and d to each wall, adopting pattern 
type A for illustrative purposes.  
 
Figure 19: The floor plan of the idealised 3DP cob house. Half-headed arrows 
indicate the span direction of the suspended floor and roof in each space. Load-
bearing walls are numbered from 1 to 7. 
 












Corresponding t and d (mm) 
Type A Type B Type C 
t d t d t d 
1 2 25 1.5 3 30 300 35 310 35 320 
2 2 50 2.0 4 35 310 35 320 35 330 
3 1.5 30 1.6 3 30 300 35 310 35 320 
4 1.5 15 1.3 2 30 290 35 300 35 310 
5 1 5 1.1 1 30 280 30 290 30 300 
6 2 30 1.6 3 30 300 35 310 35 320 
































Corresponding t and d (mm) 
Type A Type B Type C 
t d t d t d 
1 2 25 1.5 3 70 600 75 600 70 600 
2 2 50 2.0 4 80 700 85 640 80 700 
3 1.5 30 1.6 3 70 600 75 600 70 600 
4 1.5 15 1.3 2 60 500 60 520 60 520 
5 1 5 1.1 1 45 420 50 420 50 420 
6 2 30 1.6 3 70 600 75 600 70 600 
7 1 40 1.8 2 60 500 60 520 60 520 
 
  
Adjusted walls for 3DP 1-storey house Adjusted walls for 3DP 2-storey house 
Figure 20: The finalised floor plan indicating the adjusted dimensions of walls 
for 3DP 1-storey house(left) and 2-storey house (right). 
Based on Table 6, it can be seen that t and d vary minimally between the walls in the 
case of 1-stoery house, regardless of the 3DP pattern (A, B, C). For example, in type 
A, t ranges between 30–35 mm, and d between 280–310 mm. This is because the 
wall dimensions are not overly sensitive to the tributary width in the case of a 1-
storey building, as evident from Figure 15. In this instance, the designer may choose 













However, this is not the case for the 2-storey house as shown in Table 7, where the 
optimal sections vary substantially (e.g. for type A: t = 45–80 mm, d = 420–700 mm), 
thus affecting material quantity dramatically. Therefore, if the designer’s ultimate 
aim is to save material, then it is recommended to find a suitable balance between 
standardising wall sizes and choosing optimal t and d using the design charts. 
Figure 20 (right) shows the adjusted floor plan for the 2-storey example by assigning 
the minimum required section. It is immediately clear that the walls vary 
considerably in their sizes, especially for load-bearing versus non-loadbearing walls. 
These differences have a great effect on the overall quantity of materials considering 
the whole size of the building. It is also essential to notice that the adjusted wall 
thickness in the case of 2-storey building has an influence on the functionality of the 
space design. The aisle clearance linking the living area with the bedroom was 
severely narrowed down due to the increased thickness of the walls on both sides. 
This previous discussion reveals the importance of the careful consideration of 
spanning direction in the design-to-construction process, which must cope with the 
functionality of the architectural design, as well as other efficiency aspects as 
previously suggested. To conclude, the following points are important to be 
considered when selecting the spanning direction: 
 The function of the spaces, 
 The openings location and clearance, and 
 The thermal insulation aspects. 
Also, when looking thoroughly into the impact of structural considerations, it 
becomes clear that the span direction of the floor/roof system and selection of which 





balance between structural and architectural requirements. To elaborate this further, 
Figure 21 illustrates alternate options for the span direction of supporting beams (i.e. 
floor joists, rafters) comprising the floor/roof structure. The chosen layout influences 
the required wall sizes, since load-bearing walls (highlighted in red) will require a 
larger thickness. It is noted that consideration is given here only to gravity loads and 
not to out-of-plane loads due to wind or earthquake which are region-specific and 
not considered here. 
Solution (1) in Figure 21 has four structural zones, leading to a small tributary width 
on each load-bearing wall, and thus enabling smaller wall thicknesses. However, this 
may create less freedom for design changes as the number of load-bearing walls is 
large. This can also reduce the functionality of the areas of the small spaces (i.e. 
toilets and storages) due to the thicker walls. On the other hand, solution (3) shows 
only two structural zones, which means only three walls in the whole house will act 
as load bearing. Despite the massive expected thickness of these main walls, this 
solution can provide high flexibility for the spacing design as the internal walls could 
be made of lightweight panels, while external walls only will be made of 3DP cob. 
(1) (2) (3) 
Figure 21. The possible approaches for defining the structural/spanning zones in a 
small 3DP cob house with indication for spanning direction. (1) Alternative with four 
structural zones; (2) Alternative with three structural zones; (3) Alternative with two 







The increased uptake of 3DP technologies in construction, accompanied with the 
quest for environmentally efficient materials, has led to leveraging earth-materials in 
a contemporary 3dp process. 3DP cob has been a subject of investigation for several 
years now; however, where those investigations mostly focused on the design aspects 
and environmental performance, it lacked proper testing to the 3DP cob’s mechanical 
and structural properties.  
This study has conducted a comprehensive structural feasibility investigation to the 
of 3DP cob walls under gravity loads. The study quantified the basic mechanical 
properties of 3DP cob using a standardised compression test. It then evaluated the 
expected member capacity of 3DP walls using established structural mechanics and 
design principles, and by doing so examined the feasibility of 3DP cob walls as load-
bearing in typical residential construction. The testing demonstrated that 3DP cob 
could have very similar mechanical performance to conventional cob on the material 
scale. The feasibility modelling then demonstrated that 3DP cob walls have the 
capability to be utilised as structural load-bearing walls in up to 2-storey residential 
buildings.  
The feasibility modelling also demonstrated the following: 
 3DP cob walls can sustain structural adequacy for less material consumption 
compared to conventional cob. That is due the incorporated voids inside the 3DP 
cob wall, which is hard to be performed in a conventional cob wall with the same 
thickness. 
 The model design approach demonstrated in this paper provides a means for 
integrating 3DP cob into the design to construction framework. The generated 
design guidelines are directly linked to a Rhino-Grasshopper definition that 





 The dimensions required for load-bearing functionality can be efficiently 
executed using the available 3DP technologies and extrusion systems. 
The findings of this study complete a full feasibility investigation of 3DP cob for 
modern construction which combines other three aspects: 1) geometry & fabrication 
process; 2) thermal performance; and 3) life cycle assessment (LCA). The results 
lead to a conclusion that 3DP cob provides an excellent alternative to the 
contemporary digital construction. Also, 3DP cob can provide novel geometric and 
design opportunities, in addition higher precision when compared to manually 
constructed cob, especially in producing complex geometries. 3DP cob can substitute 
concrete-based constructions in small to medium size low-rise residential projects, 
especially as it provides higher environmental efficiency and rationalised energy use 
(Alhumayani et al. 2020). Moreover, 3DP cob construction can provide quick 
sheltering solutions with low cost and efficient use of local materials in expeditionary 
and hostile environments(Jagoda 2020). 
It is however important to highlight, whilst promising, the findings presented herein 
are based on material-scale experimental tests combined with structural analysis. 
Therefore, future research is recommended into experimental testing at the wall 
member-scale to provide further verification of these findings. It is also highly 
recommended to consider the shrinkage aspect when experimenting construction 
scales. This research also initiates new opportunities for further research on 
exploring the emerging opportunities for workforce under the accelerating uptake of 
automation in construction, particularly under the declining workforce in the 
indigenous construction fields. This 3DP technology can potentially be a useful 
means for cob building repairs (e.g. crack filling, construction of pre-dried cob 
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Chapter 6  Exploration of the Thermal properties of 3DP 
cob 
6.1 Introduction 
Determining the thermal properties of a material in buildings is essential for two 
reasons.  First is to understand the heat transfer from outside to inside the building, 
or vice versa, through that material, and second, in the context of minimizing 
environmental impacts of building, to ensure an adequate level of comfort for 
occupants can be achieved while minimizing the energy demand for heating and 
cooling. Reducing the operational energy contributes greatly towards improving the 
overall environmental performance of buildings. Hence, this chapter explores the 
thermal properties of 3DP cob through conducting physical testing of the thermal 
conductivity using specimens that represent different types of 3DP cob walls. The 
chapter is expected to provide a fundamental understanding of the correlation 
between the basic designs of 3DP cob walls and their associated thermal 
performance. This will ultimately enable designers to conduct thermal performance 
and whole building energy simulations at the early design stage of 3DP cob houses, 
which is a step that goes side by side with the structural performance optimisation as 
detailed in the previous chapter. 
6.2 List of manuscripts 
This part of the research has been produced as a journal article, published in 
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Thermal Performance Exploration of 3D Printed cob 
Abstract 
This paper investigates the thermal properties of 3D printed Cob, a monolithic earth 
construction technique based on robotically extruded subsoil and locally available organic 
fibres. The relevance of 3D printed earthen construction materials and the transition from 
vernacular construction towards a digitally-enabled process are critically discussed. The 
use of robotic manufacturing is outlined and the methodology to produce the necessary 
samples for thermal measurement is detailed. The results of the 3D printed samples are 
compared with traditionally-constructed Cob material of the same dimensions. The 
assessment has revealed strong potential for 3D printed cob as compared to its manually 
constructed counterparts in terms of thermal conductivity. Moreover, the testing process 
has helped in identifying several challenges in the 3D printing process of cob and the 
assessment of its thermal properties, which will ultimately bring the work closer to full-
scale applications. 
Keywords: 
robotics; 3d printing; cob construction; parametric design; thermal analysis; 
vernacular architecture. 
1. Introduction 
Conventional monolithic (e.g. concrete) construction has several associated shortcomings 
such as high CO2 emissions, high embodied energy of construction process and depletion 
of natural resources (Goodhew and Griffiths 2005). In contrast, this paper presents cob 
construction as a viable alternative. Cob stands as the most used construction material 




(typically straw) and sometimes lime. Other mixtures can use an addition of sand and/or 
clay, if required, in order to improve the physical properties of the material mix (Hamard 
et al. 2016). Given the reliance of this material on localised modes of construction, its 
application in built elements can be found in a series of material configurations including 
adobe bricks or “quinchas” (clay-based soil mix applied onto a woven pattern of fibrous 
materials). Likewise, a series of geometric and formal configurations can be found in 
vernacular architecture which illustrate the versatility and structural characteristics of cob 
construction, including circular configurations in China  and ovoid configurations in 
African vernacular architecture. 
Cob is a sustainable material as compared with concrete, requires very limited resources 
to be sourced, mixed and constructed (Benardos, Athanasiadis, and Katsoulakos 2014). 
Moreover, Hamard et al. (2016) and Wanek, Smith, and Kennedy (2015) have 
demonstrated that re-using cob will have building performance and financial benefits, 
while it complies with modern UK building regulations. 
In terms of design opportunities, cob provides higher freedom of design and ease of 
construction, while also it allows design modifications (cutting or adding material) easily 
at any time when the building element’s cob is still wet or dry (Melià et al. 2014; Hamard 
et al. 2016). This malleability, low cost and building performance suggest further work is 
required in order to understand the opportunities offered by cob in the new digital age, 
and particularly on novel and emergent frameworks of digital practice and design, such 
as robotic fabrication. Within this research territory, this paper explores the suitability of 
raw-earth in the research territory of robotically-assisted 3D printing. It is acknowledged 
that the consideration of raw-earth for 3D printing applications can reveal a series of 




formal opportunities, new local economies and skilled labour, or environmental and 
geological considerations. This report stems from the project ”Computing craft” which 
aims at scoping the feasibility for robotically 3D printed cob structures at early stages of 
the technology development cycle, and further work is required to determine properties 
of larger scale cob construction. In response to this project’s life cycle, we specifically 
introduce this area of enquiry by assessing the thermal performance of 3D printed cob in 
comparison with handmade cob samples. 
 
Figure 1. Cob building in Totnes, UK (Veliz Reyes et al. 2018) 
In order to critically situate this research within the broader area of 3D printing, cob must 
be defined in relation to its vernacular constructive expression, and particularly on how 
it can be adopted and modified in the context of emergent digital practices. Here, 
vernacular architecture and construction are not seen as primitive or historical, but instead 




environmental and material conditions. It is acknowledged, then, that the perception of 
vernacular architecture has been evolving to reflect different environmental, 
technological and cultural contexts (Niroumand, Barceló Álvarez, and Saaly 2016). 
Aligned with this, earthen materials have received renewed interest within the modern 
construction industry for the past few years (Chandel, Sharma, and Marwah 2016; Veliz 
Reyes et al. 2018). As a result, it can be claimed that despite its vernacular development, 
cob is currently being subjected to a series of studies aiming at incorporating this local, 
material-based knowledge within established frameworks of practice and academic 
research and development (e.g. Veliz et al, 2019). 
Much of the material performance outside the confines of life-cycle assessment relates to 
the thermal properties of earthen building techniques and subsequent materials (Houben 
and Guillaud 1994; Hurd and Gourley 2000; Walker et al. 2005). This has been assessed 
in a number of different design configurations, including different sequences of material 
layers and the inclusion of natural insulation (Steven Goodhew and Griffiths 2005; 
Griffiths and Goodhew 2012). Many of these proposed or measured material 
configurations specify appropriate thermal characteristics, such as thermal conductivity 
(W/mK) or specific heat capacity (J/kg/degC). Thermal conductivity is a property that is 
used to calculate (whether in the more raw form of a spreadsheet or more complex and 
animated use of dynamic thermal simulations) the ability for a building built from the 
material to perform as expected. This performance might be associated with the thermal 
comfort of the occupants or the energy use of the building (CIBSE 2015). Therefore, 
much interest is centred on the ability for an earthen material, that can be made from 
different subsoil types and mixed at different ratios with a range of different fibres, to 




In the present era, cob construction techniques operate under established frameworks of 
practice often based on notions of hand-making, hand-assembling and localised material 
intelligence. This operational knowledge has been developed over many years outside the 
boundaries of academic, technological and professional disciplinary frameworks 
(Crysler, Cairns, and Heynen 2012). At the same time, the construction industry has been 
demanding more complex forms, faster processes, and lower labour costs, which are 
making traditional construction methods increasingly obsolete (Veliz Reyes et al. 2018). 
Hence, Digital construction of earthen materials could be instrumental to promoting the 
use of locally available natural construction materials as it expands the range of 
sustainable construction solutions that are adapted to local contexts (Hamard et al. 2016; 
Veliz Reyes et al. 2018), following the key precepts of vernacular architecture such as 
local, material-driven knowledge and practices.  
The benefits of digitally augmented crafts have been examined broadly only on small-
scale applications, yet the greater benefits for the design and construction industry are 
poorly explored. An early study that was conducted at ETH Zurich by Gramazio, Kohler, 
and Willmann in 2008 has revealed the ability of robotic technology to directly create 
informed design solutions based on materials and manufacturing restraints (Veliz Reyes 
et al. 2018). This early experimentation has raised the awareness of digital fabrication, 
and particularly additive manufacturing, within the AEC industries worldwide (Hague, 
Campbell, and Dickens 2003; Wu, Wang, and Wang 2016). The continuous 
experimentation with digital fabrication methods in recent years has created substantial 
enhancements to large-scale 3D printing techniques (Baumers et al. 2016; Ishak, Fisher, 
and Larochelle 2016). This dramatic increase in the amount of research on implementing 




architecture and the construction industry (Agustí-Juan and Habert 2017a; Wu, Wang, 
and Wang 2016) , such as reductions in waste, material usage, and transportation costs in 
the supply chain. In this respect, both Hamard et al. (2016) and (Agustí-Juan et al. 2017b)  
highlight that the integration of digital fabrication techniques into vernacular architecture 
has revealed sustainability potentials for construction applications. However, this 
research has also revealed further challenges to be addressed that include not only the 
development of novel 3D printing robotic applications, but more broadly their 
implications for the AEC industry such as the need for skilled labour, new material 
configurations, or new design and geometric opportunities. 
2. Methods and Materials 
2.1 Prototypes design 
This study is mainly assessing the thermal conductivity of four scaled prototypes of 3D 
printed cob specimens. Then the research compares the result to seven cob specimens of 
nearly the same dimensions that were constructed using manual techniques. The 
prototypes are scaled down to one fourth (1/4) the average real cob walls thickness. The 
geometries of prototypes are modelled in Rhinoceros via Grasshopper, while kuka PRC 
was the used tool for robotic simulation (Figure 2). Each model is designed on the basis 
of unidirectional tool paths then arrayed vertically to create the full height of the 
specimen. Some of the geometric constraints for toolpath design have been outlined as: 
• The layer heights have been set to 18 mm. and the diameter of the nozzle in all 
experiments was 25 mm, yet, due to the fluid nature of the material, it was 
expected that a 35-40 mm thick cob path would be created. 




• Initially all toolpaths have been created following a standard 3-axis contour 
crafting approach (X, Y, Z).  
Figure 2. Creating the toolpath for cob prototypes in rhino via grasshopper and kuka 
PRC. 
Virtual prototypes were then 3D printed at Cardiff University using a Kuka KR60HA 
robot and a custom designed material extrusion system (Figure 3). The extrusion system 
utilises a stepper motor with a worm gearbox and acme screw that pushes the wet cob 
mix through a tube with a 25mm nozzle at its end. The designed geometries are converted 
into multi-layered path lines of which the robotic arm can follow in a layer by layer 
fashion (Figure 4). Each of the four prototypes was designed to represent a different 
solution for better thermal insulation of walls (Figure 5). 
(1) The first prototype was designed as a solid wall (CF1). 
(2) The second prototype was design as a double-layered wall with a single 




(3) The third prototype was designed as a triple-layered wall with air pockets (CF3). 
(4) The fourth prototype was designed as double-layered wall with pockets filled with 
straw (CF4). 
  
Figure 3. The 3d printing set up in 
Cardiff University; KUKA KR60 HA 
robot with a custom designed material 
extrusion system 
Figure 4. The Layer by layer technique of 
printing 
 
Figure 5. Samples of the 3d printed cob. From left to right; solid, single gap with straw 




The 3D printed samples have dimensions of (300x300x90mm), while the manually 
constructed samples are (300x300x70mm) (Figure 6), both formed into blocks of a 
suitable size for the heat flow meter (Figure 7). 
 
Figure 6. Samples of the manually constructed cob specimen in Plymouth University. 
The cob sample to the left uses UK subsoil in the mix, while the right one uses French 
subsoil 
 





As stated earlier, cob basically is a mix of subsoil, fibre, and water. Weismann and Bryce 
(2006) recommended a generic ratio of water to subsoil as one part water to every five 
parts of dry ingredient. By converting this to weight, it means 2.0 Kg of water is added 
to each 8.0 Kg of subsoil. As for the straw, it is recommended to be 2 % by weight. 
Hamard et al. (2016) supported the previous statement in his extensive systematic review 
on cob by affirming the proportions of cob mixture (averages) to be 78 % subsoil, 20 % 
water and 2 % fibre (straw). 
According to both Weismann and Bryce (2006) and Hamard et al. (2016),  the 
recommendation for the subsoil formula itself is 15-25 % clay to 75-85 % aggregate/ 
sand. Harrison (1999) also stated similar recommendation of 20 % clay to 80 percent 
aggregate/ sand. Testing the subsoil properties is a critical step for the right determination 
of the cob formula. Testing occurs on the subsoil before water content is added. Subsoil 
contains different amount of clay, sand, silt and aggregate. This depends on the sourcing 
location and where the subsoil is being dug within that location. Based on several field 
testing of the subsoil, besides using a trial and error method, amendment to sand and clay 
ratios could be identified to achieve the right ingredient for cob. After examining the 
subsoil, the next step is to add the water and fibres, which is straw for this study. Other 
bindings fibres can be used such as seaweed and alginate (Perrot, Rangeard, and 
Courteille 2018). 
2.2.1 3D printed cob samples 
The subsoil for the 3D printed samples for this study was sourced from farmland near 




were examined according to the recommended testing methods that are found in the 
literature ( Goodhew, Grindley, and Probeif 1995; Harrison 1999; Weismann and Bryce 
2006). These tests included simple field tests and in-depth laboratory tests. Both testing 
methods have revealed that the ingredients of the subsoil are matching the general 
recommendations for cob mixture without applying any additional aggregates or clay. 
The subsoil samples from Cardiff were found to have an average aggregate to clay ratio 
as 79.5 to 21.5 % respectively.  
However, as cob is typically mixed in a nearly dry state, those proportions do not 
necessarily fit the purpose of 3D printing as a more viscous mix is required. An increase 
of water content can, however, affect negatively other material properties including 
shrinkage, drying time and mechanical/structural stability during the 3D printing process, 
limiting the layering height and overall quality of a printed prototype. Based on a number 
of 3D printing tests prior to this study, modified proportions of cob mixtures had been 
determined for 3D printing purposes (Veliz Reyes et al. 2018). The new mixture has a 
slight increase in the water content to 21% and a decrease in the straw ratio to 1%. Yet, 
the field tests of the subsoil properties are always recommended and required prior to 
determining the appropriate cob mix. 
2.2.2 Manually constructed cob samples 
The manually constructed cob samples were prepared at Plymouth University as part of 
the Interreg project ‘The CobBauge’ (The CobBauge Project 2018). These samples were 
prepared in the lab using a variety of sub-soils that had been identified as being suitable 
for use in cob construction without additional aggregates. The soils were then analysed 




greater than 80 µm and by laser granulometry for elements smaller than 80 µm. The soils 
are identified as FR4, a sandy yellow French soil with a low clay content and UK3, a 
heavy red clay soil from mid Devon (UK). The subsoils had a variety of fibres added to 
them in different proportions based on the literature (Hamard et al. 2016), and the 
accumulated experience on several actual cob building projects. 
The fibres used in these tests were hemp shiv, chopped reed and chopped straw in 
proportions of 8%, 4%, 2% and none (% by dry weight of soil). The soils were first oven 
dried at 40ºC until they reached an equilibrium weight, where 3 subsequent weighing’s 
at 24hour intervals were within 1% of each other (ISO, 2000), then a percentage of water 
was added: 28% to the FR4, and 31% to UK3 (the different amounts of water were added 
to give the same viscosity to the final mix). After allowing the clays to soak, the fibres 
were added and mixed manually. 
2.3 Thermal performance testing 
To establish the thermal performance of the material, a series of conductivity tests were 
undertaken using a Heat Flow Meter at Plymouth University. The four 3D printed cob 
samples were compared to seven manually-constructed cob samples. The heat flow meter 
used for the conductivity tests was a Netzsch HFM 446 ( NETZSCH 2018). This machine 
is based on ASTM C518, ASTM C1784, ISO 8301, JIS A1412, DIN EN 12664, and DIN 
EN 12667 Method and Technique for the Characterization of Insulation Materials. The 
Netzsch was chosen because it takes a larger sample size and uses additional external 
thermocouples in conjunction with the hot and cold plates. This makes it suitable for 





Table 1 shows all the tested cob samples, listed in order of their conductivities. The close 
relation between density and conductivity could be also seen (Volhard and Reisenberger 
2016). The graph in Figure 8 shows the relationship between conductivity and density of 
all the cob samples. Walls with lower conductivity and lower density, towards the left 
bottom corner of the figure, are more desirable due to their higher insulation value and 
lighter weight. The conductivity results show that all specimens conform to within 10% 
of each other. The dotted line shows an exponential trend in the relationship between the 
density and conductivity of the samples (Domínguez-Muñoz et al., 2010). Of the four 
printed samples, the three that are not solid are all below this line. This indicates that the 
cavities in the samples are affecting their performance, and giving a relatively better 
conductivity in relation to their density (CIBSE, 2017). 
Table 1 Results of the Conductivity analysis of the cob samples in relation to their density.  
Sample Method Density (kg/ m3)  Conductivity (W/mk) 
UK3 8% reed Manual 1047.6 0.25 
UK3 8% shiv Manual 1038.7 0.28 
CF4 Straw fill 3d printed 1397.0 0.32 
UK3 4% shiv Manual 1206.5 0.33 
CF2 Single-Gap 3d printed 1283.7 0.37 
CF3 Double-Gap 3d printed 1495.5 0.40 
UK3 2% shiv Manual 1503.8 0.43 
CF1 Solid 3d printed 1780.3 0.48 
F4 2% straw Manual 1564.5 0.63 
F4 0% straw Manual 1774.3 0.84 





Figure 8. Conductivity of all the cob samples in relation to their density 
The percentage of straw in the cob mixture of the 3D specimens was kept constant at 2%. 
The differences were in the design of the specimen cross-section and the addition of 
loosely packed straw in air cavities. The analysis indicates that the use of air cavities 
combined with the addition of straw into them significantly improves the conductivity of 
the 3D printed samples relative to their density. Specifically, CF4 (Air gap with straw) 
showed an improvement of 15.0% in conductivity and an increase of 8.0% in density 
when compared to CF2 (Air gap without straw). In terms of absolute conductivity, sample 
CF4, with the straw filling, gives the best result among the 3D printed samples. Within 
manually constructed samples, the higher percentage of fibres in the mix lead to lower 
density and consequently a lower conductivity. 
Compared to all samples, CF4 represented the third best result. The significant thermal 
performance of the 3D printed samples is immediately recognised among their manually-







































performed approximately half the manually-constructed samples. 
4. Discussion and conclusions 
The results detailed above reveal that 3D printer cob is comparable with hand-made 
counterparts. While the 3D printed samples do not outperform the hand-made samples 
significantly, the results suggest that 3D printing can be utilised for cob construction 
without compromising the building performance of the construction, thus revealing 
further opportunities for research by exploring additional benefits of robotic fabrication, 
including (among others): 
• Novel geometric and design opportunities afforded by robotic fabrication as 
opposed as hand-made construction. 
• Exploiting the capacities of robotic fabrication when compared to manual labour, 
including a higher precision and accuracy of the built element. 
• Exploring emerging opportunities in the field of robotics in terms of skills 
automation, as well as to develop new skills in the construction workforce. 
• Scope opportunities afforded by recent development in the fields of robotics and 
material sciences including human-robot collaboration, artificial intelligence and 
data-driven design processes. 
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Chapter 7  Exploration of the Environmental Implications 
of 3DP Cob (LCA) 
7.1 Introduction 
Buildings play a critical role in improving the environmental conditions and reduce 
carbon emission globally. A building’s external envelope, represented by the 
external walls, contributes greatly towards the overall environmental impacts of 
buildings. This chapter investigates the environmental impacts of 3DP cob walls 
compared to that of 3DP concrete, conventional concrete and conventional cob walls. 
The study utilized a standard LCA method, from cradle to site, with a focus on load-
bearing walls in small/medium size houses. The chapter aims to provide an 
understanding of the environmental implications of using 3D printing methods in 
construction in general, and 3DP cob construction in specific.  The findings empower 
the relevant stakeholders, such as designers and project owners to make an informed 
decision regarding construction methods and materials in relation to their 
environmental impacts. 
7.2 List of manuscripts 
This part of the research has been produced as a journal article, published in Journal 
of Cleaner Production:  
Alhumayani, H., Gomaa, M., Soebarto, V., and Jabi, W. 2020. “Environmental 





between Cob and Concrete.” Journal of Cleaner Production, June. 
https://doi.org/10.1016/j.jclepro.2020.122463 
The paper is presented here in a reformatted version for consistency of the 















7.3 Environmental Assessment of large-Scale 3D Printing in Construction: 
A Comparative Study between Cob and Concrete 
 
 
Environmental Assessment of large-Scale 3D Printing in Construction: A 
Comparative Study between Cob and Concrete 
Abstract 
This paper explores the environmental impacts of large-scale 3D printing (3DP) 
construction in comparison to conventional construction methods using two different 
types of construction material: concrete and cob (a sustainable earth-based material). 
The study uses a standard Life Cycle Assessment (LCA) method, from cradle to site, 
to assess the environmental impacts of the construction materials and processes, with 
a focus on load-bearing walls in small/medium size houses. As expected, cob-based 
methods (conventional followed by 3DP) show lower overall environmental impacts 
and global warming potentials than the concrete- based methods. The study also 
shows that while the overall environmental impacts of 3DP concrete is higher than 
that of 3DP cob due to higher global warming potential, stratospheric ozone 
depletion and fine particulate matter formation, it has less impact on marine 
eutrophication, land use, and mineral resources scarcity. The environmental issues 
that remain to be overcome in relation to 3DP concrete is its high-cement content, 
while the issue in 3DP cob rises from the use of electricity for the 3D printing 
operation. The study indicates that the use of renewable energy resources and 
innovative material science can greatly increase the potentials of both 3DP cob and 
3DP concrete respectively for future construction. 
Keywords: 





In 2018, the International Energy Agency (IEA) reported that the average rate of 
growth of global energy consumption had increased almost two-fold since 2010. This 
high energy demand increased CO2 emissions by 1.7% in 2018 alone, reaching a 
new record in its history (IEA, 2018). The building construction sector and its 
operations accounted for 40% of the CO2 emissions and 36% of global fine energy 
use in 2018 (IEA and UNEP, 2018). At the same time, buildings play an important 
role in transitioning to a low-carbon economy (Shrubsole et al., 2019). The drive to 
improve environmental conditions and reduce carbon emissions has led to 
innovations in technology and construction techniques (Shrubsole et al., 2019). 
Digital fabrication technologies in the manufacturing industry are also being adopted 
in architecture and construction (Craveiro et al., 2019). 3D printing technologies, in 
particular,  have become a focus of attention in a number of diverse fields, including 
the construction sector (Wang et al. 2014; Soliman et al. 2015). 
3D printing involves producing three dimensional objects by layering different 
materials (ASTM International, 2013). 3D printing has developed dramatically in 
recent years and can now be done using a range of materials (Agustí-juan et al., 
2017). Where originally the use of 3D printing was restricted to the creation of 
physical models to present concepts to stakeholders; it is now being used to build 
entire buildings (Geneidy & Ismaeel, 2018). A milestone in the development of 3D 
printing technology took place when “Contour Crafting”, a research project 
conducted at the University of Southern California, showed how layered extrusion 
technologies can work within large scale constructions (Khoshnevis et al., 2006).  
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The use of 3D printing in construction is gaining increased attention around the 
world. Several companies, such as Apis Cor, CyBe and Winsun, have upscaled 
technology intake over the past 5 years and have started tendering for 3D printed 
projects in Europe, Saudi Arabia, the United Arab Emirates and China (Apis-cor, 
2019; CyBe, 2019; Winsun3d, 2019).  In 2019, Apis Cor constructed the world’s 
largest 3D Printed (3DP) building in the UAE for the Dubai Municipality. The 
building stands over an area of 640 square meters and has two-stories with an overall 
wall height of 9.5 meters. The walls were all 3D printed on site while the foundations 
and slabs were constructed conventionally (Apis-cor, 2019).   
Although there have been numerous studies and many advancements in 3D printing 
of buildings, 3D printing applications in construction are still at an early stage and 
are still fairly limited in terms of project scale, materials, and the high cost of the 
technology (Wu et al., 2016; Berman, 2012). The other important aspect that remains 
insufficiently explored to date is the environmental impacts and the Life Cycle 
Assessment (LCA) of the 3DP technologies in construction (Veliz Reyes et al., 
2018). There is, therefore, the need to investigate the environmental impact of 3D 
printed building design, materials, technology, regulations and codes (Dixit, 2019). 
The Life Cycle Assessment (LCA) method, which is presented in the ISO 14040- 
44: 2006 Standards (ISO 2006), is an assessment method of the environmental 
impacts of products and processes. LCA has been used in the construction sector for 
the last twenty years (Singh et al., 2011; Buyle et al., 2013). LCA methods can 
evaluate and optimise the construction processes by taking a comprehensive and 
systemic approach to environmental assessment (Tulevech et al., 2018). LCA in 
construction has two main approaches, depending on the required level of depth of 
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assessment (Häfliger et al., 2017). The first approach involves a comprehensive level 
of detailing of the environmental impact of a building over its entire life cycle, 
including all the associated processes and materials (cradle to grave). The second 
approach assesses and compares only the environmental impact of the construction 
materials and/ or construction method (cradle to site). According to ISO14040, 2006, 
LCA involves four phases that work iteratively: The first phase is to define the goal 
and scope for launching the system boundaries and the quality criteria for the 
inventory data and functional unit. The second phase entails the inventory analysis 
(LCI), which focuses on the life cycle of the products in several steps. This phase 
deals with the production and collection of information on energy flows and physical 
material. The third phase is a life cycle impact assessment (LCIA), which uses the 
data collected from LCI and calculates their contribution to various environmental 
impact groups. The last phase is interpretation, which evaluates results to achieve 
conclusions, identifies important issues, gives recommendations, and describes 
limitations. 
There are several impact assessment methods to calculate environmental 
performance, including CML, EDIP, ReCiPe, and TRACI (Cavalett et al., 2013) and 
each of these methods combines several impact indicators/ categories. The ReCiPe 
method, for instance, combines eighteen impact categories, as listed by Goedkoop et 
al. (2009), namely: global warming potential, ozone depletion potential, terrestrial 
acidification potential, freshwater eutrophication potential, marine eutrophication 
potential, human toxicity potential, photochemical oxidant formation potential, 
particulate matter formation potential, terrestrial ecotoxicity potential, freshwater 
ecotoxicity potential, marine ecotoxicity potential, ionising radiation potential, 




transformation potential, water depletion potential, mineral depletion potential, and 
fossil depletion potential. Each impact category has its weight and significance on 
the environment. Product Environmental Footprint Category Rules Guidance 
(PEFCR Guidance) provide recommendations for the most relevant impact 
categories to current global environmental concerns (European Commission, 2017). 
These recommendations are based on normalised and weighted factors, representing 
the level of importance per category based on its impact on the environment. 
To date, a limited number of studies have been conducted to assess the environmental 
opportunities of applying digital fabrication and 3DP methods in construction (Soto 
et al. 2018; Dixit 2019). Researchers have generally focused on the environmental 
impact at a small scale, for example, Kreiger and Pearce (2013), who studied the 
environmental benefits of distributing conventional and 3D printing of polymer 
products. A study conducted by Faludi et al. (2015) compared the environmental 
impacts of two types of additive manufacturing machines versus traditional 
numerical (CNC) milling machines and showed that there is a reduction in energy 
use and waste in additive manufacturing machines when compared to CNC milling 
machines. 
Recently, Yao et al. (2019) compared 3D printing geo-polymer technology and the 
use of ordinary concrete in four scenarios using a Life Cycle Assessment (LCA) 
method. The study revealed that 3D printing technologies perform better 
environmentally and possibly lead to a reduction in waste when creating complex 
construction components. However, ordinary concrete performed environmentally 
better than 3D printed geo-polymer when it came to building simple walls. Prior to 




manufacturing and conventional manufacturing of mould core making for carbon 
fiber reinforced polymer (CFRP) production. The results revealed that 3D printing 
manufacturing performed better on an environmental scale than conventional 
manufacturing. In recent years, researchers have started to explore 3D printing of 
earth-based materials, such as cob, as an eco-friendly substitute to 3D printed 
concrete (Perrot et al. 2018). It is claimed that 3D printing of earth materials can 
leverage the environmental potential of 3D printing techniques by reducing waste 
and the transportation and carbon footprint of the construction process (Gomaa et al., 
2019; Veliz Reyes et al., 2018).  
Concrete is one of the most used materials in conventional construction in the Middle 
East and Saudi Arabia (General Authority for Statistics, 2019). On the other hand, 
the Middle East region, including Saudi Arabia, is rich with earth materials and Cob 
houses (Ibrahim, 2018; NICDP, 2020). Saudi Arabia’s national development plan 
(Vision 2030) envisages adopting and using new technologies, such as 3D printing, 
with the aim of becoming a global investment powerhouse (Saudi Vision 2030, 
2018). Saudi’s government aims to increase the percentage of ownership of houses 
by 60% (Housing Program, 2019). The fast-growing building industry in Saudi 
Arabia is pushing the government towards the adoption of advanced construction 
methods that can meet the new development agenda. The increasing demand is 
expected to substantially increase energy consumption with consequent 
environmental implications (Asif et al., 2017). This makes it even more imperative 
to study the environmental impact of the building industry. 
Hence, the main aim of this study is to compare the environmental impact of the 3D 




different types of construction material: concrete and cob. Both materials are 
conventionally available worldwide with well-established knowledge of practice and 
historical performance. This approach is expected to provide a clearer understanding 
of the environmental implications of using 3D printing methods in construction, 
which should empower designers, project planners and stakeholders with the 
necessary data to make informed decisions regarding construction methods and 
materials. The study focuses on the construction market in the Middle East, 
particularly Saudi Arabia. 
2. Methods and Materials 
2.1. Life cycle assessment set up 
The study used SimaPro 9.0.0.35 software (PRé 2019) to implement the LCA 
method. As recommended in ISO 14040 and 14044, the Ecoinvent v3.1 database was 
used because it is a compliant data source for studies and assessments. The ReCiPe 
Midpoint (H) v1.03 method for impact assessment was used as it provides a wide 
range of environmental categories, used in most scientific studies on LCA 
(Huijbregts et al., 2017; Agustí-Juan et al., 2017). For water use analysis, the study 
implemented the Available Water Remaining (AWARE) method, as recommended 
by the United Nations Environment Programme (UNEP/SETAC 2016). The chosen 
processes for the LCA of the constructed walls were raw material extraction, 
transport, material manufacturing, and the energy required for construction. 
This study focuses on the most relevant impact categories, which are identified as all 
the impact categories that cumulatively contributed to at least 80% of the total 
environmental impacts (excluding toxicity related impact categories)(European-
183 
Commission 2017). The seven most relevant impact categories, as advised by 
PEFCR Guidance, are: 1) global warming; 2) stratospheric ozone depletion; 3) fine 
particulate matter formation; 4) marine eutrophication; 5) land use; 6) mineral 
resource scarcity; and 7) water use (AWARE).  The latest normalisation and 
weighting factors for this study were obtained through the European Commission 
Platform on Life Cycle Assessment (European Commission, 2017; Sala et al., 2018; 
European, Commission 2019). 
2.2. Study goal and scope 
Given the limited information about 3D printed constructions, the LCA carried out 
for the purposes of this thesis is a cradle to site, which includes raw materials, 
transportations, and construction process on site. The using phase and demolishing 
phase are not included in this study. LCA is applied to assess and compare the 
environmental impacts of two different construction methods: 3D printing and 
conventional construction methods. The materials used in both methods are concrete 
and cob. The conventional concrete method commonly used in Saudi Arabia 
involves reinforced concrete structures (column and beam) and blockwork walls 
while the 3DP method involves solely the concrete mix. On the other hand, cob 
ingredients are the same in both conventional and 3DP methods, but with different 
ratios. 
The functional units of each construction method are chosen to represent a section 
of an external load bearing wall in a one-storey house. All the units share the same 
standing area of 1m2, while the thicknesses vary to reflect the differences in the 
physical/structural properties of each method. It is important to note that, despite 




each material has its own unique physical and structural characteristics. It is obvious 
that concrete has higher structural strength per unit area as compared to cob. Hence, 
the design of the wall section differs within the same structural function. Both 
Conventional and 3DP concrete require simpler wall design as compared to 
conventional and 3DP cob for the same wall unit in same building design. This 
means, when building a one-storey house, both concrete and cob walls will be 
designed to satisfy the same structural function. 
The conventional method of building with cob requires a load bearing wall with a 
thickness that varies from 20 cm to 120 cm. An architect usually defines the thickness 
variation based on several factors, such as expected load, total wall height, and which 
part of the wall is being constructed (i.e. bottom or top of the wall). The most used 
thickness of straight cob walls (no tapering) is 62 cm on average. For tapered walls, 
this thickness varies from 120 cm at the bottom to 20 cm at the top (Hamard et al., 
2016; Quagliarini et al., 2010). This study is based on straight cob walls with a 
thickness of 60 cm for use in a conventional cob functional unit.  
The 3DP concrete wall was designed with a thickness of 40 cm, based on the walls 
used in a recent project in Saudi Arabia (CyBe, 2020). The 3DP cob was designed 
with a thickness of 60 cm similar to the standard used in straight cob walls and the 
thickness of similar walls constructed by researchers at Cardiff University and at 3D 
WASP (Veliz Reyes et al., 2018; 3D  WASP, 2020). Both 3DP walls comprise an 





Figure 1. 3DP cob wall and 3DP concrete wall. 
The selection of a comparable functional unit in a conventional concrete structure 
wall for this study requires a different approach, as the walls in this type of 
construction do not have uniform geometry (e.g. cube, parallelepiped). A structural 
“functional” wall unit in a concrete structure combines three components: columns, 
beams and blocks/ bricks (Figure 2). Hence, the study selected another transitional 
functional unit for the conventional concrete wall, i.e. 4 (L) x 3 (H) meters. This 
makes the standing area of this wall 12 m2, which is 12 times the standing area of 
each of the other three functional units. Since the LCA comparison depends mainly 
on quantities, the calculated quantities in the 4 x 3 meter concrete wall were divided 
by 12 to represent the quantities in a 1 m2 unit. Worth mentioning is the fact that it is 
possible to reverse this approach by upscaling the small functional units to 12m2 
walls. However, keeping the functional units as 1 m2 will maintain a more 







Figure 2. Conventional concrete construction wall. 
Table 1. The specifications for each wall section per method. 
Wall name  Method Area m2 Thickness Type Volume m3 
Conv. Concrete Conventional 1 NA solid 0.31 
Conv. Cob Conventional 1 0.6 solid 0.6 
3DP Concrete  3D printed 1 0.4 patterned 0.16 
3DP Cob 3D printed 1 0.5 patterned 0.31 
 
As shown in Table 1, there are differences in volume between the 3D printed versions 
and the conventional method. The reason for this is that the 3D printed walls are 
combined with inner gaps in their design by default, which is a beneficial 
characteristic of the 3D printing technology that enables a reduction in the amount 
of construction material needed and an increase in the thermal performance of the 
walls (Veliz Reyes et al., 2018; Gomaa et al., 2019). 
2.3. Electricity Consumption Calculation 
2.3.1. Calculating the Electricity Consumption for 3DP Cob and Concrete 
The electricity consumed for the robotic arm operation during the construction 
process can be estimated either practically or mathematically. The practical measure 
 
1  This volume includes concrete mix, framework, concrete block, reinforcement steel, and mortar. 
Reinforcement Steel  
Formwork (wood)  
 
Concrete 




of power consumption requires the use of electricity/power meters that only read the 
power source for the digital fabrication tools being used (i.e. in this case a robotic 
arm) or, if the tools are battery powered, a calculation of the number of full charges 
needed to finish the construction process. The mathematical method to estimate the 
electricity consumption depends on knowing the power ratings in Kilowatts (kWh) 
of the fabrication tools and the time required to complete the fabrication process. The 
total electricity consumption can then be obtained using the following equation 
Electricity consumption (kWh) = power demand (kW) × Time (hrs) 
The fabrication tool used in the study is a KUKA KR60 HA robotic arm. This robot 
has a direct supply line of electricity but does not have an electricity meter. 
Therefore, the study used the mathematical estimation of power consumption. The 
robot operates 3D printing tasks with a payload of approximately 30 kg, and it has 6 
motors on each of its axes; the motors have a collective power rating of 16.8 kW 
when working on maximum capacity, with 60 kg payload on the robot head. The 
motors are assumed to work initially at 50% of their full capacity, which is 8.4 kW. 
A sensitivity analysis has been conducted by examining another scenario where the 
robot runs on its full capacity. 
To calculate the required time for the 3D printing process, two factors need to be 
defined: firstly, the 3D printing speed; and secondly, the perimeter length of the 
design pattern/path line for the wall, inclusive of all the layers. The operation time 
can be calculated by dividing the perimeter length over the 3D printing speed. The 
printing speed differs between 3DP in cob and a 3DP in concrete because of the 
different properties of the materials. The printing speed for 3DP cob was set at 0.05 




that took place at Cardiff University and the findings of Veliz Reyes et al. (2018). 
The 3DP concrete printing speed was set at 0.25 m/sec (BESIX, 2019).  
The length of the perimeter/path line in 3D printing could be defined as the total 
length of all the layers that construct the wall unit, which equals the perimeter of a 
single layer multiplied by the number of layers. This study uses inner patterns for the 
3DP walls as adopted in the industry. The selected pattern for the 3DP cob was 
inspired by 3DP WASP prototypes (3D-WASP), while the chosen pattern for the 
3DP concrete  was supplied by the CyBe project in Saudi Arabia (CyBe 2020)(Figure 
3). The length of the total path line for the 3DP cob is 146.3 m and for the 3DP 
concrete 412 m. This noticeable difference in path line length between cob and 
concrete is due to the difference in the 3D printing settings. The printing layer height 
in the 3DP cob is 30 mm, while in the 3DP concrete it is 10 mm. Hence, more layers 
are required for the 3DP concrete to achieve the same required 1.0 m height wall. 
Increased number of layers means a longer total path line. By applying the previous 
calculations, the electricity consumption was found to be 6.8 kWh for 3DP cob and 
3.9 kWh for 3DP concrete. 
   




2.3.2.  Electricity consumption for Conventional Cob and Concrete 
In conventional constructions, the work is undertaken by manual labour. 
Nevertheless, in the environmental analysis, the energy requirements and emissions 
associated with human life are not counted usually (Agustí-juan et al., 2017). A study 
conducted by Alcott  (2012) calculated the human factor, but the results showed that 
the impact was insignificant. Therefore, human factor is not included in in this study, 
that is, this study does not include the energy consumption to manufacture 
conventional concrete because all the manufacturing processes were done manually. 
2.4. Material Characterisation 
2.4.1. Cob 
Weismann and Bryce (2006) suggested a water to subsoil ratio of one part water to 
every four parts of soil. This converts to 20kg of water per each 80kg of subsoil by 
weight (20: 80 %). The recommended amount of straw to be included in the mix is 
2% of the weight of the subsoil and water mix. A comprehensive systematic review 
by Hamard et al. (2016) affirmed the proportions of the cob mixture (78% subsoil, 
20% water and 2% fibre i.e. straw). Hamard et al. (2016) also stated that the subsoil 
formula itself is 15–25% clay to 75–85% aggregate/sand. Similarly, Harrison (1999) 
recommended a subsoil formula of 20% clay to 80% aggregate/sand. 
However, as cob is conventionally mixed in a near dry state due to the low water 
ratio, the commonly used proportions of water to subsoil do not fit the purpose of the 
3D printing technique. The 3D printing technique involves a material extrusion 
process through tubes and/or hoses; therefore, less viscous material is always 
preferred to reduce the amount of friction inside the system, which then reduces the 




new cob mix that has reduced viscosity. Based on a number of 3D printing tests, the 
water content in the 3DP cob mixture was increased to 23-25%, while the amount of 
straw was fixed at 2% (Gomaa et al., 2019) (Table 2). 
Table 2.The components of 3DP and conventional cob. 
 Subsoil Water Straw Total (kg) 
% Kg % Kg % Kg 
Cob conventional wall 78.0 748.8 20.0 192 2.0 19.2 960 
Cob 3D printed wall 73.0 392.6 25.0 134.4 2.0 10.8 537.8 
2.4.2. Concrete 
3DP concrete is a mix of cement, fly ash, silica fume, sand, water, superplasticiser, 
and fibre (Le et al., 2012; Agustí-juan et al., 2017; Nerella et al., 2016; Anell 2015). 
Each of the previously cited studies suggested different ratios of material in the 3D 
printed concrete mix (Table 3). An extensive review of the literature revealed that 
Le et al. (2012) had carried out comprehensive testing of several 3DP concrete mixes 
to define which had the best workability and usability. Other studies used Le et al. 
(2012)  as a main starting point to develop their new mixes (such as Labonnote et al., 
2016; Ngo et al., 2018; Buswell et al., 2018; Wolfs 2015; Paul et al., 2018; Malaeb 
et al., 2015). Hence, this study conducted the LCA on the concrete mix recommended 
by Le et al. (2012). However, to further explore the differences in the environmental 
impacts of the 3DP concrete mixes, two more concrete mixes, taken from Nerella et 
al. (2016) and Anell (2015), will be used in the sensitivity analysis section. 
This study used the 35MPa conventional concrete type and column size 60X20 cm2 
with 8 Ø 16 mm steel rods. The beam size was 40X20 cm2 with 6 Ø 16 mm steel 




plywood. Plywood sheets have a thickness of 15 mm and are assumed to be used 
twice (one time per each side). All of the reinforced concrete properties used in the 
conventional wall were taken from the National Committee for the Saudi Building 
Code (Table 4). 
Table 3. Different 3DP concrete mixes ingredients and their densities based on 
previous studies.  
 
(Nerella et al. 
2016) 
(Le et al. 2012b) (Anell 2015) 
(AgustíJuan et al. 
2017) 
 Kg/m3 % Kg/m3 % Kg/m3 % Kg/m3 % 
Cement 430 19.5 579 25 659 30 500 20.5 
Fly-ash 170 7.7 165 7.1 87 4 0 -- 
Silicafume 180 8.1 83 3.6 83 4 43.5 1.8 
Sand/ 
aggregates 
1240 56.1 1241 53.5 1140 52 1713 70.5 
Water 180 8.1 232 10 228 10 169 7. 
Superplasticiser 10 0.5 16.5 0.7 11.6 0.5 4.32 0.2 
Fibre 0 -- 1.2 0.05 1.2 0.05 0 -- 
Total density 2210  2318  2210  2430  
 
Table 4. The construction components of the conventional concrete method. 
Concrete Conventional Wall Percentage Kg 
Concrete blocks (main body) 50% 112.6 
Formwork (wood) 16% 6.5 
Reinforcement Steel 2% 12.3 
Concrete mix 30% 206.1 




3. Results and Discussion 
This section discusses the results of the study in three steps. First, the overall 
outcome of the study, that is, the comparison of the four types of walls in terms of 
their environmental impacts. This step will also include a description of the results 
pertaining to the different properties of each material. The second step explores the 
breakdown of the impact of each wall type. This aim of this breakdown is to 
determine which material and/or process has the highest environmental impact 
within each wall type. Having defined the highest contributors, the third step will be 
to analyse the sensitivity of each contributor and describe the changes in the 
environmental impact. 
The produced analyses in Simapro were initially in the form of characterised values 
that show the relative difference in the environmental performance between the four 
wall types, as can be seen in Figure 4. In order to obtain a holistic overview of the 
whole impact of the products, the characterised results must be normalised and 
weighted using special factors as indicated in the PEFCR guidance (European-
Commission 2017). Normalised and weighted results can then be used as a real 
representation of the performance in all the impact categories collectively. For 
example, in Table 5, the characterised values were normalised using the 
normalisation factor (NF/person), then weighted using the weighting factor 
(WF/person) to produce the overall improvement in performance per wall type in all 




3.1. Primary comparison 
 
Figure 4. Chart shows the characterised overall outcome of comparing the four 
types of walls. 
Table 5. Percentage of improvement in environmental performance of the wall types 













Global warming 8095.53 22.19 98.2% -27.2% 87.9% 
Stratospheric ozone 
depletion 
5.37E-2 6.75 29.8% 10.7% 32.0% 
Particulate matter 5.95E-4 9.54 97.8% 23.9% 85.7% 
Marine eutrophication 19.545 3.12 -34.0% 47.7% 11.7% 
Land use 81.94E+4 8.42 74.3% 93.8% 83.3% 
Mineral resource scarcity 6.36E-2 8.08 -18.3% 60.1% 26.4% 
AWARE (water 
depletion) 
11468.7 9.03 34.3% 14.7% 49.7% 

















The results generally align with the results of several other studies (including Agustí-
juan et al., 2017; Kafara et al., 2017)  which claimed better environmental 
performance for 3DP technologies when compared to conventional concrete 
construction. The novel added factor in this study is the introduction of cob as an 
alternative material in both the conventional and the 3D printing methods. The 
conventional concrete wall recorded the highest overall environmental impact out of 
all the other three walls. In addition, the 3DP concrete wall achieved a collective 
24% improvement in all the seven relevant impact categories combined when 
compared to conventional concrete. However, in the global warming category, 3DP 
concrete performed 27.2% worse than conventional concrete. Unsurprisingly, the 
3DP cob showed better environmental performance as compared to the concrete-
based walls, with an overall improvement of 85% over the conventional concrete 
wall and 87.9% improvement in the global warming category only (Figure 4 and 
Table 5). 
The study initially included the conventional cob wall as a base line as it was 
anticipated that this will yield the most efficient environmental performance. This 
was a correct assumption on a collective scale; interestingly, however, both the 3DP 
cob and the 3DP concrete performed better in comparison with the conventional cob 
wall in several impact categories, such as marine eutrophication, land use and 
mineral resources scarcity. These three categories are heavily related to the use of 
straw and subsoil, which are found in large amounts in conventional cob walls. 
However, conventional concrete performed better than conventional cob in the 
mineral resource scarcity category, again due to the huge presence of subsoil in 




When focusing on concrete-based walls, the results revealed that 3DP concrete has 
an overall improvement in all categories collectively with 24%, except for the global 
warming category (European Commission, 2017). This is mainly due to the use of 
concrete and fly ash. Additionally, the reason for the poor performance of 
conventional concrete in the other impact categories is the presence of reinforcing 
steel and concrete which contribute highly to CO2
 emissions (Habert et al., 2013). 
These results could change if the comparisons were done on the basis of a whole 
building, including all structural elements, because 3D printing technology produces 
almost zero waste (Xia and Sanjayan, 2016)(Figure 5 and Table 6). 
 





















Table 6. Percentage of improvement between 3DP Concrete and Conventional 
Concrete. 
 Conventional Concrete 3DP Concrete 
Global Warming 27.2% -- 
Stratospheric Ozone Depletion -- 11% 
Fine Particulate Matter  -- 24% 
Marine Eutrophication -- 47% 
Land Use -- 94% 
Mineral Resource Scarcity -- 60% 
Aware -- 15% 
Overall Improvement -- 24.0% 
 
On the other hand, despite the outperformance of 3DP cob over conventional cob in 
five of the seven impact categories, conventional cob has shown a much higher 
overall performance, with 83% improvement over 3DP cob (Figure 6 and Table 7). 
This is clearly down to the good performance of conventional cob in two of the most 
important and highly weighted impact categories: global warming and fine 
particulate matter formation (European Commission, 2017). It is also due to the high 
use of electricity in 3DP construction, which severely affects both global warming 
and fine particulate matter formation. The breakdown of both materials will be given 






Figure 6. Comparison between 1 m2 3DP Cob wall with 1 m2 conventional Cob. 
Table 7. Percentage of improvement between 3D Cob and conventional Cob. 
 Percentage of Improvement 
 3DP Cob Conventional Cob 
Global Warming -- 85% 
Stratospheric Ozone Depletion 3%  
Fine Particulate Matter -- 84% 
Marine Eutrophication 34%  
Land Use 35% -- 
Mineral Resource Scarcity 40%  
Aware 23% -- 
Overall improvement  83% 
 
Since the focus of this study was 3DP technologies, a focused comparison on 3DP 
concrete and 3DP cob is provided in Figure 7 below. As seen in Table 8, the 
environmental performance of 3DP cob is 80.0% better than 3DP concrete in the 
















a better performance in global warming, stratospheric ozone depletion, and fine 
particulate matter formation, while 3DP concrete performed better in marine 
eutrophication, land use, and mineral resources scarcity. 
 
Figure 7. Comparing 1 m2 3DP Concrete with 1 m2 3DP Cob. 
Table 8. Comparison of the environmental performance between 3DP Cob and 3DP 
Concrete. 
 3DP Concrete 3DP Cob 
Global Warming -- 91% 
Stratospheric Ozone Depletion -- 24% 







Mineral Resource Scarcity 
46% 
-- 
Aware -- 41% 



















3.2. The breakdown of impacts 
For a deeper understanding of the results, each wall type was analysed separately 
through a breakdown of ingredients in order to identify the impact in relation to each 
sub-material. Also, the overall contribution of all categories will be analysed with a 
focus on global warming as the most important impact category. The results were 
normalised and weighted to give a better understanding of each impact category. 
With regards to conventional concrete, it was found that 49% of the environmental 
impact was due to the reinforcing steel which scored the highest contribution out of 
all the categories, except land use where plywood scored the highest. Furthermore, 
concrete scores as the second highest contributor with an overall 19% contribution 
in all categories (Figure 8). This finding obviously puts 3DP techniques at an 
advantage as it does not require the use of formwork and reinforced steel (CyBe 
2020). However, the high presence of cement in the 3DP concrete wall reduced its 
environmental performance, especially in the global warming impact category, 
where it obtained the worst environmental performance scores out of the three types 
of wall. The impact breakdown of 3DP concrete shows that cement and fly ash are 
collectively responsible for 70.8% of the environmental impact and obtained the 
highest contribution scores out of all the categories. Transportation achieved the next 





Figure 8. Breakdown analysis of 1 m2 wall of Conventional Concrete type. 
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In conventional cob construction, straw contributes 68% of the overall impact across 
all the categories, except mineral resource scarcity, where subsoil contributed the 
highest score (Figure 10). On the other hand, the electricity used in 3DP cob, mainly 
used in the operation of the robotic arm, contributed 83% of the impact across all the 
categories, followed by straw with an overall score of 7% (Figure 11). Considering 
the very low ratio of straw (2%) in the cob mixture, it can be concluded that straw 
has a significant effect on overall environmental performance. In addition, 3DP cob 
was proven to have the best collective environmental performance, even when 
compared to conventional cob. This is due to the massive reduction in the quantity 
of material and weights used in 3DP cob in comparison with conventional cob due 
to the integration of voids in the internal structures and the minimal amount of 
material used in the wall volume. 
 


















Figure 11. Breakdown analysis of 1m2 wall of 3DP Cob. 
3.3. Sensitivity analysis 
Based on the previous observations, it is important to test the sensitivity of some 
materials that were identified to have a large environmental impact and explore how 
this impact can be improved or reduced. The sensitivity analysis for this study was 
carried out  on the basis of three scenarios: (1) changing the percentage of steel 
reinforcement in conventional concrete; (2) changing the 3DP concrete mix; and (3) 
changing the robotic operation payload and geographical location. Conventional cob 
was excluded from the sensitivity analysis, as it had a significantly better 
environmental performance than all the other three types. Moreover, there is no 

















3.3.1. Conventional concrete 
As mentioned earlier, steel contributed the most to the environmental impact of 
conventional concrete. The quantity of steel used in the wall was originally 
calculated based on a reinforced 600x200 mm2 column and 400x200 mm2 beam 
which are used in a regular two-storey building. The amount of steel reinforcement 
and concrete were then reduced by nearly 20% and 22% respectively, to represent a 
smaller column of 400x200 mm2 that can be used in a one-storey building, to mimic 
the walls that were used for the 3DP houses. This reduction in steel and concrete 
improved the performance of conventional concrete by an overall 17% and 16% in 
the global warming category when compared to the original concrete wall (Figure 
12). 
 

















3.3.2. 3DP concrete 
As mentioned earlier, this study explored two more concrete mixes taken from 
Nerella et al. (2016) and Anell (2015) to better understand the variations in the 
environmental performance associated with changing mix ratios of the cement, fly 
ash and sand. The results demonstrated that there is no specific component to focus 
on, as each recipe has a different proportion of components (Table 9). However, as 
shown, reducing cement and fly ash in the mix does not necessarily guarantee an 
improvement in the environmental performance of the 3DP concrete (Table 9). It 
was observed that the reduction in cement and fly ash ratios in the 3DP concrete mix 
is usually accompanied by an increase in the sand and aggregate ratios, which then 
increases the overall quantities of material and consequently increases the 
environmental impacts of transportation. Therefore, it is concluded that it is 
important to analyse the main components of the 3DP concrete mix holistically. 
It was found that, generally, all the three 3DP concrete mixes performed 
environmentally better than the conventional concrete wall, by 60.4%, 52.7% and 
53.7% for the Nerella et al. (2016) mix, the Le et al. mix (2012) and the Anell mix 
(2015) respectively. However, the Nerella et al. (2016) mix had the lowest impact 
on global warming and all the categories when compared to the other mixes and 
conventional concrete (Table 10 and Figure 13). This may be an indicator that 






Figure 13. Comparison of the three 3DP mixes to conventional concrete wall mix. 
Table 9. The percentage breakdown of contribution towards the environmental 

















(Le et al. 2012b) 71% 0.05% 5% 0.3% 2.6% 13% 8.3% 
(Anell 2015) 72.5% 0.05% 4% 0.3% 2.4% 12.50% 8.5% 
(Nerella et al. 
2016) 
68% 0.04% 4% 0.0% 3% 15% 10% 
 
Table 10. The percentage of overall improvement in environmental performance of 
3DP concrete mixes as compared to conventional concrete method. 
 3DP Conc 




(Le et al. 2012b) 
Global warming 13% - 4.6% - 5.7% 














Conventional Concrete 3DP Concrete (Nerella et al 2016)




3.3.3. 3DP cob 
A few changes were made in the robotic operation concerning electricity 
consumption and location. Firstly, the robotic operation capacity was changed from 
50% to 100%. This means that the payload was changed from 8.4 kW to16.8 kW. 
This change led to double the amount of electricity consumption that deteriorated the 
performance of 3DP cob by 55% in both overall and global warming levels (Figure 
14). 
 
Figure 14. Comparing 3DP Cob 50% Electricity with 100% Electricity. 
The impact of changing the geographical location from Saudi Arabia to Australia 
was also tested. The electricity in Saudi Arabia is totally produced from non-
renewable energy resources (ERCA, 2018), while 19% of electricity generation in 
Australia comes from renewable energy sources (DEE, 2019). This study chose the 

















50% of its electricity comes from renewable sources (DEE, 2019). Altering the 
location from Saudi Arabia to South Australia resulted in an improvement of the 
environmental performance by 52% overall and 36% in the global warming category 
(Figure 15).  
 
Figure 15. Comparison of 3DP Cob method in South Australia to 3DP Cob in Saudi 
Arabia. 
4. Conclusion 
Digital fabrication technologies have recently been adopted in architectural 
applications and constructions; however, the environmental impacts of such 
approaches have not been thoroughly investigated. This study compared the 
environmental impacts of constructing a wall using 3D printing construction 

















of materials were tested: conventional concrete, conventional cob, 3D printed (3DP) 
concrete and 3DP cob. 
The study had the following results: 
1) Conventional cob has the least overall environmental impact and global 
warming potential, followed by 3DP cob. As expected, conventional concrete 
had the, highest environmental impact in all categories except global warming. 
2) While 3DP concrete had a lesser overall environmental impact (by more than 
50%) than conventional concrete, the performance of 3DP cob is still better 
than 3DP concrete due to its lesser global warming potential, stratospheric 
ozone depletion and fine particulate matter formation. 
3) However, while the overall environmental impact of 3DP concrete is more than 
that of 3DP cob, it has less impact on marine eutrophication, land use, and 
mineral resources scarcity. 
4) A detailed analysis shows that the high environmental impact of conventional 
concrete construction is mainly due to the use of reinforcing steel (49% 
contribution) and concrete (19%). 
5) The absence of reinforcing steel bars in 3DP concrete is the main reason for its 
better environmental performance when compared to the performance of 
conventional concrete. 
6) While conventional cob has a better environmental performance than the other 
three construction methods, the high content of straw in conventional cob 
contributes to its overall environmental impact while the use of subsoil 




7) The consumption of electricity to operate the robotic arm in 3DP cob 
contributes to 83% of its overall environmental impact, while the very low 
straw content in the 3DP cob mixture contributes to its low environmental 
impact. 
These results suggest that the environmental impact of conventional concrete is 
mostly due to its steel reinforcing bars as well as the concrete used. Changing the 
amount of steel reinforcement and concrete (but keeping it to the standards required 
for a one-story building) would reduce the environmental impact of conventional 
concrete. The environmental impact of 3DP concrete is mainly depending the ratio 
of the components of the mix, hence in the future modified mixes can reduce further 
the environmental impact of 3DP concrete. 
On the other hand, the environmental performance of 3DP cob is not as affected by 
the material used as it is by the amount of electricity used to operate the robotic arm. 
Using renewable energy sources to generate electricity for the robotic operations 
would significantly reduce the environmental impacts of 3DP cob. The current global 
trends are moving towards renewable sources of energy (REN21 2019). Moreover, 
3DP cob can generate complex shapes to meet the evolving demands of 
contemporary construction, which is difficult to achieve manually using 
conventional cob. In addition, 3DP facilitates modifications, repetitions, and 
maintenance if needed. However, 3DP cob still suffers some major limitations in 
terms of structural strength and productivity of the construction process as compared 
to 3DP concrete and other conventional construction methods. In the context of the 




researchers to further investigate 3DP construction and assess its performance from 
cradle to grave. 
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Chapter 8  Discussion 
8.1 Introduction 
This chapter presents the overall discussion on the four preceding explorations in 
chapters 4 to 7. Since the detailed discussion on each exploration aspect has been 
presented in each chapter respectively, this chapter will focus only on the final 
remarks while revealing the interconnections between all the aspects. The chapter 
also offers a further exploration of relevant issues that could not be covered in the 
respective chapter.   
8.2 The Geometry and Physical Characteristics 
As presented in Chapter 4, this study has explored three main aspects of 3DP cob: 
material mixture, 3DP tools, and geometry. The study has been able to produce a 
revised cob recipe that fits the purpose of 3D Printing. The recipe adjustment 
involved increasing the water content in the mixture, which improved the rheological 
behaviour of the mix. However, increasing the water content also revealed concerns 
with regards to the structural stability of the freshly printed mix and the possibility 
of shrinkage. This was seen in testing the maximum lift height, where after achieving 
a height of 60 cm the structure started to become unstable (Figure 16). Hence, it is 
essential to either slow down or pause the 3DP process prior to reaching the 60 cm 
lift height to enable the printed geometry to harden and gain the necessary strength 





   
Figure 16. Problems with drying and shrinkage of the fresh cob mixtures. 
It is also important to note that, while 3DP of cement-based materials may look like 
3DP cob in terms of the viscosity nature, 3DP cob does not necessarily require 
advanced off-site lab testing of the mixture properties like concrete. Inspired and 
guided by the book “Building with cob: a step-by-step guide” (Weismann and Bryce 
2006), this study aimed to provide an exploratory approach for 3DP cob system in 
construction, with minimal need for sophisticated lab testing in an attempt to mimic 
the traditional/ historical methods of building with cob, which suits most architects. 
This way the study generates several opportunities for future in-depth testing on 3DP 
cob. 
On the aspect of 3DP tools, this research has developed an innovative bespoke 
extrusion that is able to tackle several challenges of 3DP cob as detailed in chapter 
4. Nonetheless, despite the added benefits of the developed system, it is important to 
highlight the following: 
1) The current proposed cartridge system does not suggest preparing all the 





printing, as it would require massive amounts of cartridges, which is not 
practical at all. Instead, the current cartridge system aims to create a 
transitional/ buffer time between the process of refilling and reloading. This 
means the printing process starts with a fully loaded cartridge rack with all 
its cartridges on the vehicle. Meanwhile, the mixing and refilling process will 
keep running separately. This way, the human role would be mixing the 
materials, refilling the empty cartridges, and reloading new full cartridges to 
both the rack and the extruder. So, if a task requires 100 cartridges, some of 
them would be ready on the rack at the start, while the rest are being prepared 
and transferred. 
2) The proposed extrusion system, as it is now, does not exclude human 
interaction completely from the 3DP process. It is rather aiming to minimize 
human interference with the active 3D printing workspace through focusing 
the human role on material mix preparation, cartridge refilling and reloading. 
3) For the future, automating the reloading process via a robotic arm (or any 
other special machine) can save time and increase the efficiency of the 
process. There is always room to expand the system for a completely 
automated 3DP site, where mixing, refilling and reloading are all undertaken 
by machines. 
Moving to the geometry of 3DP cob, the study aims to develop a novel approach for 
an upscaled 3DP cob technique, with a special focus on the material behaviour under 
the developed 3DP extrusion system. Therefore, this study has prioritised exploring 





selection of the geometries carefully considered the possible 3D printing movement 
styles (i.e. conventional 3-axis printing and robotic 6-axis printing), which should 
reflect the material capabilities under different 3D printing processes. Establishing a 
fundamental understanding of the material potentials within a 3D printing system 
will possibly open a wider spectrum for further geometry explorations in the future, 
either by the current authors or others.  
It is still true that more complex geometries would have been beneficial to exhibit 
further capabilities of the 3D printing process; yet, the study had some limitations in 
terms project time and the available funding, which affected conducting extended 
testing of the geometry with higher complexities or larger scale. 
8.3 The Structural Performance 
The study conducted a comprehensive feasibility investigation of the structural 
performance of 3DP cob walls under gravity loads. The basic mechanical properties 
of 3DP cob have been quantified, then used to produce a structural model to simulate 
the 3DP cob walls’ load-bearing capacities in typical residential construction. The 
findings of the study have demonstrated promising capabilities of 3DP cob for use 
in low-rise buildings, where it can exhibit higher material efficiency and design 
flexibility as compared to traditional cob. It is, however, important to highlight the 
following: 
1) The study findings are based on small-scale test specimens, combined with 
structural analysis. Therefore, future research is still required on the full-scale 
walls to provide further verification of these findings. 
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2) Whilst the study defines the 3DP cob wall dimensions using three parameters 
(i.e. tin, tout and t) as illustrated in Chapter 5, it is important to understand that an 
actual measurement of these values on a 3D printed geometry will vary slightly 
from the virtual model. In order to narrow the gap between the virtual and the 
physical model, further research is recommended into examining the change in 
model size from fresh to hardened mixture due to the shrinkage.
3) One of the general flows of the cob material/construction technique is that it is 
applied to build structural elements while still having relatively high water 
content (plastic consistency). This naturally causes shrinkage and cracks during 
the drying period of the material. Therefore, this natural behaviour must be 
carefully considered in designing the structural components of conventional cob. 
Since 3DP cob requires even higher water content as compared to conventional 
methods to facilitate its workability inside the extrusion system, it will become 
essential to understand and estimate the shrinkage behaviour of 3DP cob. Due 
to time constraints in conducting this doctoral research, the study did not manage 
to cover the aspect of shrinkage; therefore, further research on 3DP cob 
shrinkage behaviour is strongly recommended. It is worth mentioning that, 
despite the increased water content in the cob mixture prior to the printing 
process, the final printed cob (forming the geometry) tends to have a lower water 
content, which improves the structural stability of the printed layers. This 
favourable phenomenon was observed during the extrusion process, where the 
cob mixture loses some of its water while being compressed inside the cartridges 
and into the hose, as discussed in Chapter 4. The water came out in the form of 





The study has demonstrated that 3DP cob can provide an adequate substitute for 
many of the current contemporary construction techniques. The incorporation of 
voids inside the wall design have made 3DP cob walls more material-efficient as 
compared to conventional cob, yet it is essential to assess the efficiency of the chosen 
3D cob wall design holistically by also taking into consideration other performance 
aspects, such as the thermal performance and environmental impacts. 
8.4 The Thermal properties 
The study has investigated the thermal conductivity of four different types of 3DP 
cob walls. The results generally showed that 3DP cob walls exhibit a good thermal 
performance compared to the manually-constructed cob walls, with thermal 
conductivity of 0.32- 0.48 W/mK, which is lower than that of other traditional wall 
materials such as blockwork and concrete walls. This means 3D cob walls would 
conduct less heat from outside to inside or vice versa, potentially reducing the energy 
needed to cool or heat the building and improving thermal comfort of the occupants 
inside the building.  
However, it is important to highlight the following: 
1) Straw content plays a very important role in determining the thermal 
conductivity of cob, as cob mixtures with high straw content (4-8%) have 
less density, which leads to lower conductivity and an improved insulation 
performance. However, low-density cob has a reduced structural 
performance, which directly influences cob’s capability for load bearing. In 





3DP cob mixture should not contain high straw content as it leads to several 
extrusion problems. 
2) Despite the variation in the tested 3DP cob walls with voids (i.e. single and 
double gap walls), the changes in the thermal conductivity values tend to be 
relatively small, where the single gap and the double gap walls have 
conductivity of  0.37 and 0.4 W/mK respectively. Nevertheless, this does not 
mean that the two wall types will exhibit similar performance when other 
performance aspects such as the structural and environmental performance 
are considered. 
3) The thermal investigation was limited in scale, as the used heat flow meter 
accommodates small specimens only of 300 x 300 x 100 mm3. Therefore, 
future experiments would be needed on full-scale cob walls for verification 
of the results. 
On the subject of environmental performance, the impact of 3DP cob walls on the 
operational energy performance of 3DP cob houses is also important, as it contributes 
to the overall environmental impacts. Whilst the intention of the thermal 
performance study as presented in Chapter 5 was solely to investigate the thermal 
conductivity of 3DP cob of various types, it is perceived important to explore the 
impact of using 3DP cob walls on the operating energy of the building, as shown 
below of a building using 3DP cob walls.  
The selected wall types for this exploration is the single gap and the double gap walls, 
which were represented as Type A and Type B in the structural performance study 





simulation by using Energy plus with Design Builder interface (DesignBuilder 
2020). The simulation adopted an idealised one-story cob house from the structural 
performance study (Figure 17), while the location was set to Adelaide  in Australia. 
The city is located on a latitude 34.9 south, longitude 138.6 east, and sits at an 
average elevation of 50 m above sea level. Adelaide has mild winter and a warm, dry 
summer, with an average temperature of 29°C in summer and 15°C in winter. 
Temperature in summer may soar occasionally to reach a maximum of 48°C (ABOM 
2020).  
The used wall thickness was fixed at 0.4 cm (400 mm). All other details about the 
building design can be found in Chapter 5. The building was modelled to be occupied 
with both mechanical and natural ventilation allowed. Heating and cooling setpoints 
were set as 21°C and 25°C respectively. As the study focuses on the thermal 
performance of the walls, roofs and floor were set as adiabatic to exclude their heat 
transfer in the analysis. Windows were modelled as single glazed with Al frames. 
The thermal properties of the walls were set based on the obtained conductivity 
values from the thermal performance experiments as in chapter 6. Table 1 below 
shows the basic setting of the thermal properties of each wall type. The simulation 
concentrated on the annual cooling and heating loads as a representation for the 
energy efficiency. 
Table 1. Basic thermal properties the 3DP cob walls in the idealised building 
 Type A wall (single gap) 
Type B wall (double 
gap) 
Conductivity (W/m.K) 0.37 0.4 
Specific heat (J/ kg.K) 750 800 
Density (kg/m3) 1283 1496 
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Figure 17.Modelling an idealised 3DP cob house in Designbuilder for 
operational energy simulation. 
The energy simulation showed that the Type B wall with the double-gap design has 
slightly better annual performance as compared to the Type A single-gap wall (Table 
2). This is despite the fact that single gap walls present lower conductivity, lower 
material consumption, and better structural efficiency. To explain this further, single 
gap walls exhibit lower heating loads due to its higher thermal insulation. However, 
having higher thermal insulation can lead to higher cooling loads, as more heat is 
trapped inside the building. On the contrary, walls with lower thermal insulation 
(higher conductivity) would lose the heat faster. In the context where cooling is more 
dominant than heating, using double gap wall seems to result in a lower overall 
energy use. This again stresses further on the importance of the holistic consideration 
of all the performance aspects before selecting a specific 3DP cob wall design for 
the desired project, including consideration of the impact of geographical location 





Table 2. Annual Energy loads for the 3DP cob walls in an idealised building 
 Type A wall (single gap) 
Type B wall (double 
gap) 
Cooling loads (W/m2) 28443 27591 
Heating loads (W/m2) 1903 1979 
Total loads 55948 54391 
 
8.5 The Environmental Implications  
The study has explored the environmental implications of 3DP cob walls through a 
systematic comparison with three other types of wall construction: 3DP concrete, 
conventional concrete, and conventional cob walls. The study aims to focus on the 
environmental potentials that 3DP cob can provide over the widely spreading 
concrete construction, whether it is conventionally built or 3D printed. The 
explorations demonstrated that 3DP cob has superior environmental performance 
over its concrete counterparts due to its lesser global warming potential, stratospheric 
ozone depletion, and fine particulate matter formation. However, the study 
encountered several shortcomings which are important to highlight as follows: 
1) Due to the limited information on 3DP cob construction on a real scale (i.e. 
actual built house), the scope of this study’s LCA focused only on the cradle 
to site processes. It is important to consider further explorations on a full life 
cycle from cradle to grave.  
2) The study had some limitations in materials and fabrication facilities, which 
made it difficult to construct a real size wall (e.g. 3 x 3 m2 wall) for the 3DP 
cob. Therefore, the study used numerically calculated quantities on a 1 m2 
functional units based on previous experimentation on smaller scales. 
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Constructing a full-size wall may encounter slight variations in the actual 
quantities, whether in materials, transportation or in the energy/ electricity 
consumption in the fabrication process. Conducting future quantifications 
based on an actual built full-size 3DP cob wall will provide a better accuracy 
to the LCA. 
3) While 3DP cob presents superior environmental performance over the
concrete-based counterparts, it has poorer structural performance, as 
discussed in Chapter 5. This limits leveraging 3DP cob to certain types of 
projects, mostly small sized buildings with one to two storeys maximum. 
From an LCA perspective, this also limits the comparison of the 
environmental feasibility of 3DP cob with other construction techniques to 
the context of residential buildings. Moreover, the comparison between cob 
and concrete must consider other competitive aspects such as the lifespan 
and required maintenance. Cob buildings naturally exhibit shorter durability 
since it is more susceptible to damage from natural factors (e.g. rain, 
termites). Yet, on the other hand, concrete is more expensive to repair.
Finally, it is important to highlight that there is an increasing amount of 
research that eagerly pursues the improved environmental characteristics of 
3DP concrete (Dixit 2019). This will create higher competency with 3DP cob, 
especially when holistically considering all the performance aspects that deals 
with workability, time, and structural integrity. 
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Chapter 9  Conclusions 
The body of work presented in this thesis provides a comprehensive feasibility 
exploration of combining a low cost and sustainable material (Cob) with an 
innovative robotic 3D printing process. Originating from an aim to support the local 
building industry through integrating a dwindling traditional construction (cob) with 
an emerging technological sector (3D printing), a  new work ethos has been 
established on a research model that embraces vernacular knowledge, local skillsets 
and materials as grounds for a new digital innovation.   
The development of a robotic 3DP cob framework involves a standard innovation 
delivery process, from basic conceptions and research, up to proof of concept and 
physical prototyping. Although further development is required to industrialise 3DP 
cob on a wide scale, the research has managed to address the need to acknowledge 
the potentials of vernacular knowledge and buildings to expand the scope of additive 
manufacturing in construction beyond the concrete-based materials. This thesis has 
offered a roadmap capable of bringing 3DP cob construction closer to full-scale 
applications. The study has contributed to the disciplines of architectural design and 
construction by bridging the knowledge gap between earth construction and 
contemporary digital practice.  
The thesis outcomes deliver practical guidelines for employing the 3DP cob 
technique in modern construction, which will enable architects and designers in the 
early stages of design to assess and compare the 3DP cob technique as a substitute 
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to other types of construction. These guidelines have been established by addressing 
the four fundamental aims of this work as follows: 
1) Chapter 4 provides fundamental understanding of the rheological behaviour
and workability aspects of a revised cob mixture under a developed 3DP
system;
2) Chapter 5 establishes a structural design framework for 3DP cob buildings,
allowing the optimisation of 3DP walls design based on structural
performance and material efficiency;
3) Chapter 6 identifies the basic thermal performance properties of 3DP cob
walls, allowing the optimisation of 3DP walls design based on their thermal
efficiency; and
4) Chapter 7 provides a fundamental understanding of the associated
environmental implications with 3DP cob construction, and how it compares
to other conventional and 3DP techniques.
On a broader scale, this thesis has revealed several key contributions to the field of 
robotic fabrication in architecture. The introduced practical framework 
acknowledges the nuanced nature of a traditional craft and utilises it as a driver for 
robotic fabrication in architecture. In addition, the framework contributes not only to 
the design of new buildings, but also has the potential to be used in repairs and 
renovation of existing and historic cob buildings. In this way, the work approaches a 
new definition of craft that negotiates material behaviour under the framework of the 
contemporary digital practice. Following mixed assessment methods derived from a 
range of disciplines such as material science, design, architecture, robotics and 
231 
mechanical engineering, the study has demonstrated that interdisciplinary aspects of 
performance must be considered as an integral part of a contemporary architectural 
design and production process. This work’s outcomes are expected to benefit 
architects, designers and researchers currently looking into craft as a source of 
material and design sophistication and knowledge. 
Finally, this research has demonstrated its contributions to the areas of 
robotic material culture and human-robot collaboration. There are still  
limitations that prevent 3D Printing technologies from producing certain 
construction components on a large scale. However, as construction
materials and methods are rapidly evolving, a constant pursuit for innovative 
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A B S T R A C T
Despite the dramatic development in digital manufacturing technologies in the recent years, 3D printing of earth 
materials, such as cob, still presents several challenges to the market-available 3D printing systems. This paper 
describes the development process of a 3D printing system for cob that fits the contemporary requirements of 
digital construction. The study first described the methodology of producing a revised cob recipe for the purpose 
of 3D printing. Then, the study conducted thorough investigations into the properties of three types of extrusion 
systems using both electromechanical and pneumatic methods, leading eventually to the development of a new 
bespoke dual-ram extruder. The study then explored systematically the relationship between the new 3DP system 
and the rheological properties of cob, followed by an exploration to the new geometric opportunities the new 
system offers. The study findings show that the new extrusion system improves greatly the 3DP process of cob in 
terms of extrusion rate, continuity, consistency, and mobility. The findings are expected to bring 3D printed cob 
construction closer to full-scale applications. On a broader scale the study contributes to the disciplines of 
architectural design and construction by providing a framework capable of bridging the knowledge gap between 
vernacular modes of building production and contemporary digital practice.   
1. Introduction
An increasing amount of research on implementing 3D printing
(3DP) systems for large-scale formats has exposed multiple potential 
applications for architecture and the construction industry [1,2]. Con-
current research highlights the advantages of 3D printing in construc-
tion to achieve a higher degree of process optimisations (e.g. financial, 
construction time, staffing resource), the emergence of new digital 
processes associated to Building Information Modelling and potential for 
mass customisation, and environmental benefits towards the life cycle of 
3D printed objects and building elements [2]. Additionally, research 
such as the review paper by Tay et al. [1] outlines environmental ben-
efits of 3DP in construction as a result of a reduced use of formwork [3]. 
Cob stands as one of many types of earth construction methods and it 
had been utilized historically all over the world. Its mix consists of 
subsoil (earth), water, and fibrous material (typically straw). However, 
similarly to related construction methods, cob buildings embody a ma-
terial mix, as well as its associated construction method. Cob walls are 
typically built using hand-made material deposition on top a plinth, then 
corrected (e.g. correction of vertical planes) with material added or 
removed before or after drying [4]. As a result, building elements can 
comprise a variety of geometries, yet the builder is required to 
constantly negotiate the execution of an intended design with ever- 
changing material properties (e.g. water content, drying speed) neces-
sary to achieve the design goals without the need for formwork or any 
mechanical compaction method (Fig. 1). As a result:  
• Cob provides a high degree of design freedom and adaptability
throughout the construction process, where the builder negotiates
with the material (and its properties) as the building process pro-
ceeds (Veliz [5]), challenging the normalised view of robotic 3D
printing as a linear process from design to production.
• Cob can be reutilised throughout the construction process, providing
the opportunity for testing and prototyping design solutions [6],
reducing the amount of waste material and enabling low-cost project
corrections and modifications on-site.
• Recent research demonstrates that cob complies with modern regu-
lations such as UK building performance standards [7].
• When compared to other massing construction materials and
methods (e.g. concrete), cob has lower CO2 emissions, low embodied
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energy [8] and requires a lower degree of depletion of natural re-
sources [7]. 
These criteria suggest that a 3D printing system of cob warrants 
further investigation as a potential pathway towards more sustainable 
3DP practices, with a lesser environmental impact when compared to 
concrete 3D printing [9]. Recent evidence supports this observation; an 
early study conducted on small material samples [10] provides evidence 
that 3D printed cob elements have competitive thermal performance 
standards when compared to other materials such as concrete, brick-
work, and conventional cob construction. 
Hamard et al. [4] and Agustí-Juan et al. [11] highlight that the 
integration of digital fabrication techniques with vernacular modes of 
architectural production can reveal sustainability potentials for con-
struction applications as compared to other cement-based 3D printing 
methods. This, mainly due to existing forms of cob knowledge produc-
tion (e.g. vernacular construction techniques), emerges from long- 
lasting local environmental, material, social and skills contexts of con-
struction practice. This research recognises the potential of developing 
building technologies associated with vernacular knowledge and 
building practices, generating a research and development process 
highly grounded on responsible innovation by leveraging local in-
dustries and technologies, utilising local materials and workforce [12]. 
Moreover, the study challenges normalised models of design-to- 
fabrication research by incorporating local, vernacular and material 
knowledge as a methodological consideration and engagement process 
throughout the study. This negotiation between disparate frameworks of 
material practice (detailed in Veliz [5]), established both in R&D 
research and in vernacular construction, not only results in emergent 
material opportunities within a standard design-engineering profes-
sional delivery framework but also enables novel methodological ap-
proaches to architectural tectonics, local materials and skillsets, digital 
discourses and building technologies. 
A substantial share of recent research on 3DP for construction ad-
dresses 3D printing of cement and mortar-like materials. As a result, 
there has been a huge development in 3D printing systems for cement- 
based materials in recent years [13,14]. Different types of extrusion 
systems are currently used for 3D printing; varying from pneumatic 
pumps and electromechanical ram extruders. In spite of these de-
velopments, 3D printing of earth-based materials, such as cob, still 
presents several challenges to the market-available 3D printing systems 
such as material granularity, material properties and mix ratios, or the 
use of local organic fibres, which must addressed through extensive 
experimental research before delivering a feasible construction method 
(Veliz [15]). These requirements highlight the opportunities of 
vernacular knowledge as a source of digital innovation, as it has already 
tested, iterated and perfected mix ratios and earthen architecture pro-
duction typologies around the world. 
Following early studies of cob 3DP technology (e.g. Veliz [15]) the 
sensitivity of the printing process to the material mix is currently a major 
limiting factor in the development of construction-scale 3D printing 
with cob. The hardening property of the material mix creates a critical 
constraint on the speed of the 3D printing process [16,17]. The inter-
relation between hardening time and printing velocity must be moni-
tored carefully, as each printed layer must be hard enough to support the 
weight of the successive layers. At the same time, the material mix must 
sustain a certain rheological behaviour that enables it to be extruded 
smoothly through the 3DP printing system ([18]; [15]), despite its 
irregular granularity and addition of organic material. Moreover, 
effective design of material delivery systems may offset some irregu-
larities that may be unavoidable in a commercial application, particu-
larly considering the effect of specific geological, environmental or 
geographic conditions on the quality of 3DP cob mix. 
Panda and Tan [19] demonstrated the importance of establishing a 
clear understanding of the rheological behaviour of highly viscous 3D 
printed materials such as concrete. One of the major issues with 3D 
printing of such materials is to balance between the fluidity level and 
sufficient viscosity simultaneously in a way to ensure smooth flow of 
material through the extrusion system without clogging while main-
taining the extruded material shape during the printing process. In 
concrete 3D printing, the developed mixtures must be thixotropic in 
nature, which means it should have high yield stress and low viscosity 
[20]. Other studies by Lipscomb and Denn [21], Le et al. [22] and Choi, 
Kim, and Kim [23] also highlighted the critical influence of mixture 
components, such as particle size, gradation, surface area and paste/ 
aggregate volume on the flow property of the material as they govern 
the yield stress and viscosity. In his study, Perrot et al. [18] proposed a 
theoretical framework for the structural built-up of 3DP of cement-based 
materials. His proposal showed the correlation between vertical stress 
acting on the first deposited layer with the critical stress related to 
plastic deformation that is linked to the material yield stress. 
In earth construction, the rheology of the material is the key to 
control the quality of the structures. Historically, adjusting the consis-
tency of cob mixtures depended greatly on the on the local know-how, 
simply though controlling the water to soil ratios, or by adding other 
ingredients such as fibres or lime [24]. As the construction industry 
shows a growing interest in earth materials via 3D printing, the need to 
develop simple and rapid testing for estimating earth material work-
ability and rheological properties has increased [25,26]. According to 
Perrot, Rangeard, and Lecompte [24], field-oriented tests can be lever-
aged to estimate material parameters such as the yield stress, which will 
provide important information to describe the rheological behaviour of 
the earth material. Weismann and Bryce [27] demonstrated in their 
book “Building with cob: a step-by-step guide” detailed the methods for 
simple field tests of subsoil and cob characteristics. The recommended 
testing procedures were established on historical methods for building 
with cob, all aiming to provide clear understanding of the subsoil 
workability and rheology properties. 
This research leverages the qualities of cob construction to utilise it 
as a groundwork for digital innovation through robotic 3D printing of 
building elements. This line of research has maintained the craft quality 
of cob as a source of innovative knowledge, often developed outside the 
boundaries of professional and academic frameworks - a “vernacular” 
understanding of the material usually communicated through making 
and practice instead of standard academic communication pathways 
[28]. This evolutionary approach of vernacular architecture as a driver 
for novel environmental, technological and cultural discourses is 
exploited in this study through an iterative design research method, 
which has developed a material mix for cob 3D printing applications, an 
innovative extrusion system for cob 3D printing applications, and a se-
ries of tests attempting to outline emerging large-scale design 
Fig. 1. Exposed cob construction in Totnes, UK.  
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opportunities resulting from this technology. 
2. Methods and material 
2.1. Material 
In cob constructon, printing material properties must be considered 
and formulated carefully according to both its wet and hardened states. 
Wet properties are those related to the material in its fresh, or ‘green’ 
state, i.e. the state that the material is in from initial mixing to the point 
at which it is deployed on site, before drying or hardening [17]. Ac-
cording to Le, Austin, Lim, Buswell, Law, Gibb, and Thorpe [16], three 
basic criteria must be met to ensure a successful 3D printing process; 
extrudability, buildability, and workability with time. This means that 
the material must flow efficiently through the system without excessive 
force and be deposited in layers with minimal deformations. At the same 
time it must be able to support the loads of subsequetnt layers before 
hardening and reaching some degree of structural integrity. The tran-
sition from printing to hardening must occur within a time frame 
considering the material hardening rate while meeting the overall 
construction requirements such as tolerances for deformation. A similar 
process is conducted during hand constructed cob, as the builder must 
skillfully negotiate water contents, structural integrity and building 
design throughout the construction process. 
In the context of this study, mix ratios have been reached through an 
iterative process of testing and material characterisation. Weismann and 
Bryce [27] and Hamard et al. [4] recommended that the composition of 
a cob mixture (averages) to be 78% subsoil, 20% water and 2% fibre 
(straw) by weight. The recommendation for the subsoil formula itself is 
15–25% clay to 75–85% aggregate/sand. This mix, however, requires 
adaptation for 3D printing applications that maximises its fluidity, while 
maintaining printability properties (e.g. layer definition) and structural 
cohesion (e.g. layer height). This study used subsoil sourced from a 
farmland near Cardiff, UK, for the cob specimens. Subsoil specimens 
were examined according to the recommended testing methods in the 
literature (Steve [27,29]): shake test, brick test, sausage test, ball drop 
test. These tests utilized simple deposition tests in order to acknowledge 
typically utilized on-site tests as well as to eventually simplify the ma-
terial characterisation process should this method be used in different 
contexts with little or no access to material testing facilities (Fig. 2). 
However, as cob is traditionally mixed in a nearly dry state, the 
recommended compositions above do not necessarily fit the purpose of 
3DP applications where a less viscous rheology is required. Lower water 
content in the mix leads to higher friction between the material and 
extrusion cycle parts, creating massive pressure on the extrusion 
mechanisms, resulting in increasing wear rate of the parts and reduce 
the long-term efficiency and printing quality. Gomaa et al. [10] 
conducted a number of systematic tests to reach suitably modified 
proportions of cob mixtures for 3D printing purposes. The testing pro-
cess included systematic alteration of several factors. Water contents of 
22, 24, 26, and 28% were tested. The study concluded that the water 
content in the 3D printed cob mixture should be increased to an average 
of 25% while straw remains at 2%, resulting in a subsoil percentage of 
73% (by weight). 
It was anticipated that the increase in the water content will alter the 
rheology of the cob mix during and after the extrusion process. There-
fore, it was important to examine the behaviour of the cob mix under the 
extrusion force. This examination seeks a systematic understanding of 
the variation in the printed path size in relation to the extrusion rate 
through the nozzle and motion speed on one side, and nozzle size and 
layer height on the other. Extrusion rate is usually used to express the 
volume of material passing through a given cross sectional nozzle area 
per unit time (mm3/s). Linear extrusion rate, on the other hand, repre-
sents the passing length of the material over unit time (mm/s) [30,31]. 
The study at first examined the synchronization process between linear 
extrusion rate and motion speed. Linear extrusion is chosen so that 
changes in the cross sections of different nozzles will not alter the 
outcome. Yet, the study focused on understanding the vital relation 
between the layer height and nozzle size, and their impact on the printed 
outcome. Understanding this relation is essential during the process of 
transforming the designed geometry into accurate contours and path 
lines for the 3D printing framework. The correct, and accurate, esti-
mation of the 3D printed size of path lines and the geometry in total 
increases the quality of the outcome. 
A series of tests were conducted to define this relationship mathe-
matically. The tests set the nozzle diameter and the motion speed as 
constants at 45 mm and 80 mm/s respectively, with a synchronised 
linear extrusion rate at 105% of the nozzle motion speed (approximately 
85 mm/s). The printed file consisted of five path lines. Each line had a 
different layer height, starting from 15 mm and ending at 35 mm with 5 
mm intervals. Each printed line was then measured and assigned to its 
respective height. This test was repeated three times to observe any 
possible variation to the outcome and increase credibility of estimations. 
2.2. Equipment 
A complete 3D Printing (3DP) system consists of two separate de-
vices: a motion controller and a material delivery system. The two must 
be designed in coordination to realise the final 3D printed outcome: the 
weight of the extrusion system can affect the motion controller, or the 
accuracy of the motion controller can affect the tolerance and defor-
mation of the final printed element. The study used a 6-axes KUKA KR60 
HA robotic arm as the motion controller. The computer software pack-
age for robotic control was Rhinoceros via Grasshopper and KUKA 
PRC®. The material delivery system is the part of the printer setup 
which stores, transports, and deposits the print medium. The design of 
the material delivery system is vital to successful printing, as the ma-
terial must be layered with enough accuracy, at a consistent and 
synchronised extrusion rate with the robot motion. Not meeting these 
needs can easily jeopardise the resulting print quality, which could 
significantly affect the shape and the structural integrity of a printed 
element. The material delivery tool (i.e. the extrusion system) replicated 
commercial clay extruders that exist in the market, which usually use 
both pneumatic and electromechanical techniques. The study then 
developed a new bespoke extrusion system which will be detailed later 
in the paper. 
2.3. Extrusion system 
Two types of material extrusion methods were tested in this research; 
1) Screw-pump, and 2) Ram extrusion. The screw pump is a method that 
utilises an auger screw in order to transport and compress the material to 
a specific point, which in the case of 3D printing is the nozzle. Upon Fig. 2. Shake and brick tests to the three subsoil samples from Cardiff.  
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rotation, the screw acts as a type of rotational positive displacement 
pump, transporting material in the axial direction of the screw (Fig. 3). 
Auger extrusion systems may be vertically or horizontally oriented. The 
screw sits within a material hopper, which is filled with material to be 
extruded. The rotating screw then pulls the material through the system. 
This method is used by the WASP Company in their Delta 3MT and 
12MT printers, which they used to experiment with 3D printing of earth- 
based materials (Fig. 4) [32]. 
In ram extruders, a linear force is applied on a piston inside a cyl-
inder ram filled with the material. The generated pressure then forces 
the material through the nozzle once a threshold of pressure is reached. 
These systems are also commercially known as linear actuators. The 
exerted force in linear actuators is generated by two methods (Fig. 5);  
1) Pneumatic, using air/gas, by increasing the pressure on one side of a 
pneumatic cylinder, leading to linear motion and an applied force on 
the plunger of the extrusion device.  
2) Electromechanical, using lead screw or screw-jack, which translates 
circular motion from a motor into the linear motion and force 
exertion required to extrude the material. 
2.4. Prototyping and geometry 
The prototyping process included two stages; the first stage is the 
calibration of the 3D printing settings, and the second stage is geometry 
prototyping. The calibration of settings is an important step to enhance 
the relationship between the robotic arm and the extrusion system. The 
calibration process was designed as a set of 3D printed path lines with 
variable layer heights and speeds. An understanding of the material 
behaviour is pursued through observing the relationship between the 
layer height, extrusion rate and nozzle dimension. The applied changes 
in the layer heights varied from 15 to 35 mm. These heights are chosen 
to represent a range of ratios in relation to the nozzle size, which has a 
diameter of 45 mm. 
The second stage of prototyping focused on the geometry potentials 
and limitations. The main aim of this step is to examine several 
geometrical challenges that encounter the robotically assisted 3D 
printing of cob such as the inclined surfaces, arch based shapes and 
maximum height per printing period. The maximum height per printing 
period reflects the achieved geometry height before pausing the printing 
process until the printed geometry gain structural strength through the 
transformation process from wet to dry state [33]. Additionally, it must 
be acknowledged that cob can be reutilised after printing, either through 
the modification of a printed object (while still wet) or through trim-
ming excess cob from already set built elements. As a result, the geo-
metric and prototyping processes of cob 3D printing comprise an 
iterative quality which facilitates testing. 
3. Results and discussion 
3.1. Extrusion system 
3.1.1. Bespoke screw pump 
Inspired by the vertical screw extrusion system in the commercial 
Delta12MT WASP® (Fig. 4), the research team developed a screw pump 
based on an auger bit device. The initial concept was to create a more 
robot-friendly extruder, where the material feed point was stationary 
and the extruded material was delivered to the robot arm end-effector 
point through a hose. This design concept aimed to provide a higher 
freedom of movement for the robot, besides an improved practicality of 
material feeding technique as compared to the available cob and clay 
extrusion system in the market, which requires regular human inter-
ference with the extruder for material feeding while on the move. 
The used device for this testing was a repurposed auger conveyor, 
originally designed to transport sand. Alterations were made in order to 
make it suitable for cob extrusion (Fig. 6). The initial testing of the 
Fig. 3. Two types of the screw pump: vertical screw (left) and horizontal 
screw (right). 
Fig. 4. Screw pump extruder by WASP.  
Fig. 5. Scheme of the Pneumatic (right) and electromechanical (left) 
ram extruders. 
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device showed remarkable improvement in terms of extrusion rate, 
consistency and scale of the printed outcome. It was able to achieve a 
maximum extrusion rate of 80 mm/s with a 50 mm nozzle diameter. 
However, this system revealed several major shortcomings that required 
further stage of developments:  
• The extruder jammed consistently due to the build-up of straw and 
rough aggregate at two points in the system; one at the interface 
between the auger tip and the nozzle and another at the interface 
between the hopper (feed point) and the auger.  
• It still required constant human interaction to feed the material 
through the hopper.  
• The whole mechanism was heavy and relatively large, which 
compromised the freedom of movement of the robot, and conse-
quently limiting the complexity level of the geometry designs.  
• The attempt of making the screw device stationary and install a hose 
at the screw end (as shown in Fig. 3- right) was unsuccessful. 
Installation of the hose increased both the load and the material 
travel distance beyond the auger direct contact surface. The increase 
in hose length has an inverse proportional relation with the extrusion 
rate, accompanied by noticeable material retraction at the feeding 
point. 
3.1.2. Pneumatic 
The experimentation of this extrusion type was inspired by most of 
the industrial clay and concrete extruders, which are based on exerting 
linear force by using pneumatic pumps. The study used a pneumatic 
linear ram extruder, in which the pressure was manually controlled. The 
ram cylinder had a maximum capacity of 4000 ml and the used nozzle 
size was 30 mm Fig. 7. The system was compact enough to be mounted 
easily on the robot arm and enable remote control of system at the same 
time. Despite the acquired strength from this extruder, the use of 
pneumatic system for a dense material like cob revealed a series of 
challenges in terms of controlling the extrusion rate, quality and con-
sistency of extrusion. Furthermore, it required consistent human inter-
action throughout the print process to adjust the extrusion rate, fix faults 
and prevent collapses. 
3.1.3. Electromechanical 
In order to overcome the drawbacks of the pneumatic system, the 
study switched again to the use of the electromechanical extrusion 
method in its third phase. This phase used a commercial small size 
screw-jack extruder provided by 3D potter ® (Fig. 8). The benefit of a 
screw-jack is that it includes a gearbox, providing extra torque at a lower 
speed. The new system provided a better control over the extrusion rate 
and consistency due to the use of a stepper electric motor, which 
resulted in a higher print quality. However, this extruder by 3D potter is 
designed to execute small-medium size porotypes of clay-based mate-
rials, as the standard maximum nozzle size was 16 mm. The system had 
to be modified by attaching a larger 25 mm bespoke nozzle to be more 
suitable for cob extrusion. Despite the dramatic increase in the printing 
quality, the new system suffered from a slow printing speed limited to 5 
mm/s due to the increased nozzle size. This rate of 3D printing had 
restricted the progress of the experimentation, while it also restricted the 
scale of the printed outcome which may represent actual wall in a 
building. Furthermore, the capacity of the material container was too 
small (3000 ml) for a large print to be made without refilling, and the 
process of refilling the device was slow as it required almost a partial 
Fig. 6. The prototype of the bespoke screw pump.  
Fig. 7. The pneumatic linear ram extruder.  
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disassembly of the whole extruder (Veliz [15]). 
3.1.4. Bespoke electromechanical dual ram extruder 
All the previous experimentations of different extrusion methods 
have led to the development of a completely new extrusion method that 
can accelerate the creation of prototypes, leading to an increased pro-
ductivity and greater research potentials. The previous three experi-
mentations have exposed five critical challenges that face robotically 
assisted 3D printing of cob:  
1) Continuity of printing process.  
2) Maximum extrusion rate.  
3) Consistency and quality of outcome.  
4) The freedom of movement.  
5) Reduction of human interaction (remote control). 
Each tested extrusion system exhibited a number of advantages and 
limitations. Table 1 summarises the efficiency level of each tested 
extrusion system based on the five previous criteria. The efficiency levels 
are expressed as Low, Medium and High, where low refers to limitations 
and high refers to advantages. 
These criteria are crucial challenges to improve the workability and 
productivity of 3D printed cob research and practice. The successful 
encounter of these issues will open the window for more sophisticated 
explorations on both the 3DP cob mix properties and the geometry 
design aspects. Out of all the previous three introduced extruding sys-
tems, the electromechanical linear ram has shown promising potentials 
in overcoming the five challenges. However, it suffered mainly from the 
slow extrusion speed and the lengthy process of material reloading. 
Therefore, it has become important to build a new -off the shelf- 
extrusion system, inspired by the core concept of electromechanical 
screw jacks and capable of tackling the limitations of the previous 
systems. 
The design process of the new system went through different itera-
tions of trials and failures before reaching the final design. The initial 
concept started with the aim of building a simple upscaled version of the 
existing electromechanical screw jacks, shifting it from a single 2000 ml 
cartridge to a single 8000 ml, while adding a quick release system to 
accelerate the refill process. However, while this partially solved the 
issue of material quantity, it did not solve the continuity issue as the 
system still required to be on hold while the cartridges were being 
replaced. To solve this problem, an auxiliary cartridge was added in 
order to cover the hold time for the main cartridge to be replaced, but 
with the two cartridges working sequentially. The concept was inspired 
by small scale PLA and ceramic dual extruder by Leu et al. [34] and 3D- 
WASP [32]. The first trials were proofs of concept, where preliminary 
prototypes of the system were made in 1:4 scale using 3D printed plastic 
parts. These trials used the standard 2000 ml cartridges from the existing 
Fig. 8. The electromechanical linear ram extruder and its 3D printed outcome.  
Table 1 
Efficiency level of the tested criterions of each extrusion systems.   
Continuity Extrusion rate Consistency Movement freedom Human interaction 
Screw pump Medium High Medium Low Low 
Pneumatic Low Medium Low Medium Medium 
Electromechanical Low Low High Medium Medium  
Fig. 9. Initial proof of concept of the system in 1:4 scale using the 45 degrees 
dual joint. 
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3D potter electromechanical screw jack (Fig. 9). The dual joint tested 
two different angles (45◦ and 22.5◦) to ensure a smooth merge of the 
material between the two channels. The lower angle (22.5◦) showed a 
smoother merge, hence it was selected to be applied in the full-scale 
prototype. 
The full-scale prototype initially used 3D printed plastic joints and 
fixtures. The whole system was then fixed on a mobile plywood platform 
(Fig. 10). The first set of tests of the prototype showed success in terms of 
proving the workability of dual extrusion concept, yet it revealed two 
critical flaws which affected the extrusion process. The plastic parts 
were receiving a huge amount of pressure externally from the screw 
jacks and internally from the material flow, which eventually led to a 
quick wear and destruction of the parts at the mounting points (Fig. 11- 
left). In addition, the accumulating pressure along the axis between the 
screw jack mounting point and the dual joint mounting point made the 
plywood platform buckle from the middle. This buckling forced the 
cartridge to bend, leading to a material leakage then eventually a 
massive crack in the plastic cartridge (Fig. 11-right and Fig. 12). 
Therefore, to avoid these flows in the final prototype, it was obvious that 
the system components must be fabricated from stronger materials such 
as aluminium, whereas the platform must be reinforced with a metal 
structure to prevent bending. The extrusion system can then be mobile 
by mounting the whole platform on a mobile table. 
The final system prototype introduces a bespoke extrusion system 
with a unique dual-cartridge design (Fig. 13, Fig. 14). Each cartridge has 
a capacity of 8000 ml (total of 16,000 ml both) and powered by a heavy- 
duty electric screw jack. The screw jacks are supplied by ZIMM® with 25 
kN nominal capacity, leveraging a 1000 mm stroke and capable of 
delivering 80 mm/s operating travel speed. The screw jacks are powered 
by two 3-phase motors, 0.75 kW each. The motors combine electro-
magnetic braking system that ensures immediate stop to the stroke, 
which minimises the dynamic response. These specs were specially 
requested based on calculations of the expected loads in the system, 
considering factors such as the material weight inside the system and the 
desired extrusion rate. As budget was limited, some adjustment to the 
system design were applied to simplify the manufactured parts and 
reduce the cost without affecting the targeted efficiency. Fig. 13 shows a 
scheme of the bespoke dual extruder different components. 
Material cartridges and screw jacks are connected together by 
bespoke aluminium parts, which are designed to provide smooth and 
fast reloading process. The most distinctive aluminium part is the Y- 
shaped joint that merges the material dual flow from both cartridges into 
a single flow then feed it to a hose. The used hose is 3-m-long, made from 
PVC with a steel-wire reinforcement. The complete system is mounted 
on a mobile platform, allowing transitions around the robotic arm. 
The new system was tested extensively through sequence of cali-
brations and prototyping process, which took place as part of an expe-
riential studio on 3D printing of cob at the Welsh School of Architecture 
in Cardiff University. The system proved to be successful in overcoming 
the five previous challenges as follows:  
1- Continuity of printing process: 
The new system adopts a sequential process of extrusion based on 
dual lines of cartridges. This process can be described in 6 steps as shown 
in Fig. 15: 
Step 1: The process preparation starts by loading two filled cob 
cartridges on the platform. Each cartridge, with its attached screw jack, 
form a line of extrusion. Few other cartridges are filled with the required 
amount of cob for the whole print and kept in a rack, ready to be loaded 
on the system later. 
Step 2: The printing process starts by pumping cob through one 
cartridge at a time using one screw jack (line 1), simultaneously with 
initiating the robotic arm motion to exert the required design. 
Step3: As the operating screw jack on line 1 reaches its stroke end, it 
stops and immediately triggers the second screw jack to start pumping 
cob through the second cartridge on line 2 while the first screw jack is 
retracting. After the complete retraction of the first screw jack, the 
empty cartridge is removed and a full cartridge is reloaded. 
Step 4: By the time the first cartridge is reloaded, the operating 
cartridge will be reaching its end of stroke, which then releases the 
stopping brakes and triggers the first screw jack to start pumping cob 
through the first cartridge while the second screw jack is retracting. 
Step 5: After the complete retraction of the second screw jack, the 
empty cartridge is removed and a full cartridge is reloaded on line 2. 
Step 6: The process then repeats sequentially until the end of the 
required 3D printed outcome. 
It is recommended to estimate the whole required amount of mate-
rial before the printing process, then preparing either the exact number 
of cartridges (for small tasks) or just a few extra cartridges and store 
them in a rack. This will create a buffer margin between the process of 
refilling and reloading, which will ensure continuity of the process and 
constant flow of cob throughout the whole process, with no need to 
interfere, stop or slow it down. The special design of the aluminium parts 
also enhances the continuity of the process as they combine rails with 
latching mechanism, offering smooth reloading of cartridges on the 
platform.  
2- Maximum extrusion rate: 
The upgraded screw jacks can deliver up to 80 mm/s operating 
travel speed. Using this travel speed with a 45 mm diameter nozzle 
elevates the extrusion rate of cob on the nozzle to 120 mm/s, which is 
nearly 20 times faster than the previous small linear ram extruder 
Fig. 10. The initial full-scale prototype using 3DP PLA joints and fixtures on a 
plywood platform. 
M. Gomaa et al.                                                                                                                                                                                                                                 
Automation in Construction 124 (2021) 103577
8
with 30 mm nozzle. However, based on calibration tests, it was found 
that 50 to 80 mm/s extrusion rate is sufficient for most of the ge-
ometry testing in this project. Moderate speeds offer a relaxed 
reloading process and gives time to extruded layer of cob to 
strengthen slightly before receiving the subsequent layers.  
3- Consistency and quality of outcome: 
The new screw jack by ZIMM leverages a 25KN ball screw gearbox 
and 3-phase motor controlled by variant frequency driver (VFD). This 
enables a steady operational torque and an accurate control over travel 
speed, which provides a consistent flow of cob. This consistent flow 
dramatically improves the quality of the printed outcome as compared 
to the previous extruders.  
4- Freedom of movement 
The new system uses a hose to link between the main body of the 
extruder on the platform and the nozzle point. This minimises the 
mounted mass/ load on the robot’s end-effector, as now it only carries 
the nozzle joint with the hose instead of carrying the whole extruder as 
in the previous pneumatic and small electromechanical linear ram ex-
truders. Minimising the contact size between extruder and robot enables 
more degrees of freedom for the robot to move, resulting on broader 
complexity levels in the geometry design if needed. Moreover, the 
platform itself is mobile and can be easily moved around the robot if 
required to compensate the possible limitation in the hose length.  
5- Reduction of human interaction (remote control) 
The new system is designed to separate between the material feeding 
point on the platform and the extrusion point on the robot’s end- 
effector. This separation enables the reloading of the cartridges 
without the need to interrupt (stopping or slowing down) the robot 
movement. The cartridges system and the simple latching mechanism of 
aluminium parts also minimise the time required for reloading and 
reduce human interaction time consequently. 
3.1.5. Remarks on the dual extrusion system 
Besides the five previous advantages, the simple, yet innovative, 
design of the new extrusion system made it replicable and also afford-
able to build as compared to the available commercial options. More-
over, the design enables the system to operate either as a single or dual 
extruder with different nozzle sizes. This facilitates the 3D printing 
process for small and medium size prototypes without the need to 
operate the full system. In addition, the new system has potential for 
successful implementation into full autonomous large-scale 3D printing 
process. The study suggests leveraging two on-site 3D printing concepts 
for that purpose; first one is inspired by mobile crane 3DP system by 
ContourCrafting [35] Fig. 16-left, where the robotic arm and the 
extrusion system can be combined in the crane system. The second is 
inspired by the mobile robotic vehicles which is presented in a study by 
Zhang et al. [36] Fig. 16- right. A revised design for mobile robot vehicle 
that can combine both the extruder and the collaborative robotic station 
is suggested as in Fig. 17. 
It is however important to state that the system is an initial prototype 
that also requires some enhancements and future upgrades. The current 
design still depends on human interaction to initiate and terminate the 
3D printing process, in addition to preparing the cob mixtures, refilling 
and reloading the cartridges on the platform. It also very important to 
follow good practice while filling the cartridges to avoid air pockets and 
inconsistency, which causes high dynamic response. Also, the current 
material capacity is limited to 12.0 kg/cartridge, which forces large 
number of refills to print a real scale wall. For example, 1 × 1 × 0.5 m 
cob wall would require nearly 45 cartridges. Another current limitation 
Fig. 11. Destruction of the 3DP PLA joints due to pressures caused by the cob mix (left) and the destruction of the cartridge due to pressures caused by the bending 
plywood platform (right). 
Fig. 12. Buckling of the plywood platform due to accumlitated pressures on 
mutnig points. 
Fig. 13. Scheme of the new bespoke dual extruder components: 1) Screw jack, 
2) Cob Cartridge, 3) Steel-wired PVC hose, 4) Nozzle, 5) Aluminium parts, 6) 
Mobile platform, 7) Cartridges Rack. 
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is associated with the hose length. Increasing the hose length over 3 m 
was found to be harder to mount on the robot and creates higher 
resistance towards moving and bending. Longer hose is also harder to be 
cleaned from cob leftovers after each printing process. Therefore, 
several planned upgrades will involve:  
• Connecting the VFDs (controllers) of the screw jacks directly to the 
Robot controller unit, where the extruder will be operated simulta-
neously with the robot using the same code file.  
• Increasing the material capacity of the system through upgrading the 
screw jack power and the cartridges volume. Moreover, the current 
dual-piston design could be redesigned to combine four pistons, 
capable of accommodating four cartridges at a time.  
• The introduction of a collaborative robotic process, where a smaller 
robot arm will be part of the extruder platform to execute the car-
tridge reloading task. The required amount of material will be 
calculated ahead of the process, then translated into a number of 
cartridges. Another machine will be dedicated for mixing and 
refilling the empty cartridges while the prefilled cartridges are being 
used in the extruder. 
• Implementing a shutter mechanism over the main dual Al connec-
tions can add extra layer of controllability as it will prevent any 
possible backflow of material during the cartridge reloading process. 
The current system design, however, does not suffer from material 
backflow due to the acute angle (45 degrees) of the dual Al piece and 
the relatively high viscous nature of the cob mix. 
3.2. Material mix properties 
The increased water content to 25% in the new 3DP cob composite, 
instead of 20% for conventional cob composite, has shown satisfactory 
extrusion in terms of consistency and quality of extrusion. It was natu-
rally anticipated that the increase in fluidity has proportional relation to 
the rheology of the cob mix during and after the extrusion process. First 
set of tests explored the synchronization process between extrusion rate 
and robot motion speed. It was clear from the start that the extrusion 
rate must be synchronised with the motion speed of the robotic arm on a 
1:1 rate at least. Slower rate of extrusion will result in an intermittent 
printed outcome as can be seen in Fig. 18-left. On the contrary, 
increasing the extrusion rate in relation to the robot motion speed (using 
a constant layer height) will result in a more consistent print and wider 
path lines. In Fig. 18-right, the path lines A and B reflect a ratio of 1.15:1, 
while path lines C and D reflect a ratio of 1.05:1. The increased ratio of 
extrusion rate to motion speed results in wider path lines under a con-
stant layer height. Table 2 below describe the relationship between 
extrusion rate and robot arm motion speed. 
The study concluded after several trials that 3D printing with a liner 
extrusion rate of 105–110% of the robot motion speed (1.1:1) consid-
ered favourable due to the nature of the cob mix, where there are 
chances of having inconsistent sections of materials inside the cartridges 
that cause slight interruptions in the extrusion rate from time to time. It 
is possible to overcome this issue by installing an extrusion rate sensor at 
the nozzle end that can give live feedback to the variant frequency driver 
(VFD) of the actuator to make the proper adjustments to power. Worth 
Fig. 14. The components of the bespoke dual extruder.  
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Fig. 15. The six steps of the extrusion process in the bespoke dual extruder.  
Fig. 16. Mobile crane system for 3DP by Contour crafting (left), mobile robotic vehicles by Zhang et al. [36] (Right).  
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mentioning that the study also observed that the slightly higher extru-
sion rate has a “ramming effect” on the printed outcome, where the 
printed path lines becomes denser and gain more structural strength 
with each new printed layer. 
The second set of tests on the relationship between the layer height, 
nozzle size and path line width has improved the understanding of their 
influence on the 3D printed outcome and printing process in general. As 
can be seen in Fig. 19, each printed path line (A to E) is designed to 
reflect the relation between a specific layer height and its respective 
path width, where the extrusion rate to robot motion speed ratio is set to 
110% as advised previously, and the nozzle size is fixed at 45 mm. The 
layer heights started with 15 mm at path line A, then the heights were 
increased discretely with 5 mm increment per each path line, ending 
with 35 mm layer height at path line E. Each increase in the layer height 
exhibited a decrease in the path line width. These relationships between 
the change in layer heights and path line width has been recorded and 
described as the expansion factor in Table 3. This test eventually 
resulted in a model that can estimate the path line width in accordance 
to the layer height and the nozzle size (Fig. 20). 
The linear relationship presented in Fig. 20 can be described using 
the following equation: 
Estimated path line width (mm) = Nozzle size (mm)×Expansion factor  
where the expansion factor can be obtained from the chart. To explain 
further; for example; under a synchronised motion speed and linear 
extrusion rate, with a 45 mm in diameter extrusion nozzle and 25 mm 
Fig. 17. Design of mobile robot vehicle combining both the cob extruder and the collaborative robotic station. 1)Primary robot for printing. 2) Secondary robot for 
cartridges reloading. 3) Cob extruder. 4) Cartridges rack. 5) Autonomous robotic vehicle. 
Fig. 18. Explorations of the synchronization process between extrusion rate and robot motion speed (left & right).  
Table 2 
Relationship between extrusion rate and robot arm motion speed.  
Path line code A–B C–D Unit 
Nozzle diameter (D) 45 45 mm 
Layer height (h) 15 15 mm 
Extrusion rate 92 85 mm/s 
Robot motion speed 80 80 mm/s 
Path width (w) 88 70 mm 
Extrusion rate to motion speed ratio 115 105 %  
Fig. 19. Exploring the relationship between layer height and nozzle size.  
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layer height (layer height is 56% of the nozzle size) and an expansion 
factor of 1.6: 
Estimated path line width (mm) = 45× 1.6 = 70 mm 
The early estimation of path line’s printed width has enabled the 
study team to implement a code in the Grasshopper definition as part of 
the 3D model files to estimate the printed outcome to provide informed 
decisions for geometry planning. For example, when planning to print a 
cob wall that has a thickness of 500 mm, using a layer height of 25 mm 
would require a distance of 430 mm between the two path lines creating 
the inner and outer sides of the wall. Increasing the layer height to 30 
mm (while using the added definition in the 3D models) will then 
automatically update the distance between the wall path lines to 448 
mm. 
In addition to the previous changes in path line width due the 
extrusion process and the forced height by the nozzle, 3D printed cob 
encounters another cause of lateral deformation due to the accumulative 
loads of each added layer. As the 3D printing process continues, more 
printed layers accumulate on top of each other to create the desired 
height of the geometry. This increase in loads leads to further slight 
lateral and longitudinal deformation as compared to the original virtual 
model, where it is mostly seen in the bottom layers (Fig. 21, left & right). 
It was observed during all experiments that the level of deformation 
depends primarily on the water content in the cob mix, as lower water 
Table 3 
Description of the testing on the relationship between layer height, nozzle size and path line width. 
Fig. 20. Path line width estimation chart.  
Fig. 21. Prototypes showing the longitudinal deformation due to accumulative weight of layers (lower water content to left, higher water content to the right).  
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content minimises the deformation to a negligible level (Fig. 21- left), 
which was an early prototype with 22% water content. The higher water 
content of 24–25% leads to a noticeable deformation as in Fig. 21- the 
prototype to the right, where the gradual increase in layer heights is 
slightly noticeable from the bottom to the top layers. Further exploration 
for the deformation aspects will be tested and presented in future work. 
3.3. Geometry exploration 
An exploration of various geometries was conducted to examine the 
capabilities of the 3D printing system. The study experimented with 
three types of geometries. The criteria of geometry selection were 
established on exploring the geometrical challenges that face the robotic 
3D printing of a simple cob wall with an opening. Fig. 22 suggests a 
traditional cob wall with arch-shaped opening to represent possible 
challenges while 3D printing cob walls, without using form work to 
create the openings. The challenges were found to be as follow:  
A. Lift height (Max. height of continuous 3D printing)  
B. Inclined 3-axis 3D printing (horizontal corbelling)  
C. Inclined 6-axis 3D printing (radial corbelling) 
3.3.1. Lift height 
Cob walls are conventionally built of successive monolithic layers of 
earth called lifts. Each lift must be dry enough to a degree that enables it 
to bear the loads from the subsequent lifts. Lift height has an average of 
60 cm. [4,27,37]. Hence, the first geometry exploration aimed to 
examine the maximum height per lift (Fig. 23). The geometry footprint 
was designed to have a rectangular footprint of 60 × 40 cm, with a 
serpentine printing path line that creates the inner pattern of the wall. A 
serpentine path line was selected for two reasons; first is to improve the 
structural performance of the wall [38]; second is to extend the printing 
time per each path line as this should give more time for each layer to 
start drying and gain rigidity before receiving the successive layers. 
This test showed that the maximum stable height of the lift was 58 
cm, very similar to the traditional cob method. Exceeding this height 
increasingly jeopardised the stability of the geometry and it starts 
showing toppling signs. This finding is also supported by the prototypes 
by WASP [33]. This finding highlighted the importance of pausing or 
reducing the 3D printing speed to give a chance to the freshly printed 
layers to settle properly and gain more structural strength throughout 
the drying process. 
3.3.2. Inclined 3-axis 3D printing (horizontal corbelling) 
The Second geometry exploration aimed to examine inclined 3-axis 
3D printing, where the corbelling happens in the horizontal XY plane 
only The study examined two main approaches, straight and gradual 
inclination (Fig. 24, left-right). Based on several trials, it was found that 
cob can sustain up to 40 degrees of straight inclination with 1:1.25 slope 
as shown in Fig. 24-left. This was possible to achieve without using inner 
patterns but with slow printing speed of 30 mm/s. Based on several 
trials, it was observed that high inclinations (more than 40 degrees) are 
less stable and require denser design for inner patterns. On the other 
hand, using gradual inclination required the addition of inner patterns to 
the geometry, but it showed a possibility to achieve nearly 90 degrees of 
inclination as shown in Fig. 24- left. However, the increase of the inner 
pattern, in addition to the serpentine path line, caused a dramatic con-
sumption of material per unit volume. 
3.3.3. Inclined 6-axis 3D printing (radial corbelling) 
The third exploration aimed to exercise a more complex style of 
movement that involved all the six axes of the robotic arm. Such added 
complexity can be leveraged to construct arch-based shapes, like cate-
nary vaults and arches Fig. 22-C. The test was able to achieve 45 degrees 
of radial inclination in a one continuous print (Fig. 25). It was possible to 
continue achieving higher degree of inclination, however, the geometry 
started to show instability due to its relatively small footprint (40 × 40 
cm). It is worth mentioning that 75 degrees of inclination were suc-
cessfully achieved in a previous study under this project using the small 
scale nozzle and less water content (Veliz [15]). During the printing 
process of the arch prototype, the study observed that the 3D printed cob 
can gain structural strength from the ramming process, which is created 
by the extrusion forces and robotic arm compression. Also, similar to the 
previous two tests, it was necessary to add an inner pattern to geometry 
to increase the structural rigidity and the printing time per layer. 
3.3.4. Remarks on geometry testing 
Generally, the previous prototypes generated a record that has 
become useful to the planning of the future work on 3DP cob. Table 4 
shows the different characteristics for each 3DP geometry. In addition, 
the testing process have revealed other factors which influence the 
Fig. 22. Geometry challenges in a regular cob wall with an opening. 1) Lift 
height- 3 axis 3D printing; 2) Inclined 3-axis printing (corbelling); 3) Inclined 6- 
axis 3D printing. 
Fig. 23. Testing the maximum height per printing period.  
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geometry formation and its achieved quality. These factors are as follow:  
• The overall footprint of the printed geometry: As longer foot prints, 
such as the external walls of a small house for instance, means more 
time is spent in each layer, which consequently enables the fresh 3D 
printed layers of cob to gain further strength as they dry. The foot-
print of the geometries (e.g. Walls), can be also increased by 
designing denser inner patterns inside the walls, which increase the 
stability of the printed structure, and also improve the thermal per-
formance [10].  
• Layer height to path line ratio: As discussed earlier in Section 3.2, 
lower layer height creates wider path line. The increased footprint of 
path line offers greater stability to the geometry. However, reducing 
the layer height means additional material is consumed due to the 
increased number of required layers to reach the desired total height 
of the geometry. This also will increase the overall printing time.  
• The relation between printing velocity and hardening time: where 
this study did not test systematically the competition between 
printing velocity and material hardening, the study observed that 
shorter printing paths per layer jeopardise the ability of each printed 
layer to harden sufficiently in order to sustain the loads of the suc-
cessive layers. For instance, in geometry 2, the small squared foot-
print created shorter printing path per layer, which consequently 
required slower printing velocity, while in geometry 1, the larger 
rectangular footprint enabled higher printing velocity. However, this 
issue can be compensated by reducing the printing velocity or design 
the printing process to follow longer paths. This explains why the 
extrusion rates as per Table 4 were all maintained at 6.7 kg/ min 
while testing the current geometries despite the ability of system to 
reach a flow rate of up to 11 kg/min. Worth mentioning that 
replacing the empty cartridge manually takes nearly 30 s, which is 
less than the time needed to extrude the other full cartridge This 
means that the extrusion does not stop at any moment during the 
total printing process. 
4. Conclusion 
This paper presents a systematic study leveraging a traditional ma-
terial and its associated embodied knowledge as a driver for digital 
innovation, specifically to develop a low-cost and sustainable alternative 
robotic 3D printing process and hardware (an extrusion system). The 
construction industry has done substantial strides in the 3DP area since 
the development of large-scale digital fabrication technologies (e.g. 
Fig. 24. Examining the inclined 3-axis 3D printing; straight inclination (left) and gradual inclination (right).  
Fig. 25. Testing complex movement through 3D printing arch-based geometry.  
Table 4 
The different characteristics for each 3DP geometry in the three tests.   
Test 1 Test 2 Test 3 Unit 
Printing speed 50 50 50 mm/s 
Volume of printed cob 0.11 0.1 0.08 m3 
Weight of printed cob 198 182 132 kg 
Number of used cartridges 16 15 11  
Total printing time 30 27 20 min 
Extrusion rate 6.7 6.7 6.7 Kg/min  
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contour crafting). Several case studies and prototypes greatly illustrate 
the potentials of these technologies beyond standard procurement and 
standard building delivery models by integrating new knowledge into 
the building delivery from areas such as manufacturing and robotics. In 
that context, this article advocates that historical, traditional or 
vernacular material systems are a rich source of knowledge for further 
research and innovation in the built environment sector, and provides a 
groundwork of material resourcing, building knowledge and local skills 
with the potential for more sustainable construction data-driven pro-
cesses. The impact of this study can be outlined in three key areas:  
1) The development of an innovative extrusion system for earth-based 
materials. 
2) The development of a robotic 3DP system that provides the oppor-
tunity to prototype new models of earth materials in the context of 
industrial frameworks of practice;  
3) The leverage of vernacular material knowledge and skills to develop 
new technology in the digital sector. 
The system presented here involves material studies and printing 
characterisation parameters as well as its associated hardware (an 
extrusion mechanism), and its implementation on small scale tests. The 
development of this system involved building a series of prototypes 
through a standard innovation delivery process, from basic ideation and 
research, up to proof of concept and prototyping stages. Building upon 
standard liquid deposition modelling 3DP 3-axis strategies, this system 
allows for more complex geometric configurations with more than 3 
axis, and in contrast to traditional cob building processes, it allows for 
cob building elements to be produced on the basis of a filament (forming 
a hollow geometry) instead of bulk mass-based components, leading to 
higher geometrical flexibility, reduced material use and better thermal 
efficiency as a result of air cavities. 
This paper also contributes to architectural design research, as it 
acknowledges the material cultural context as a springboard for digital 
and technological innovation delivery. This multi-disciplinary approach 
reflects on the applicability of this technology in professional practice. 
This project poses the concept of “material negotiation” to enable more 
flexible, open ended and multi-disciplinary relationships between 
design and fabrication by using a recyclable and reusable material prone 
to on-site modifications and adaptation. For instance, the dual extrusion 
system allows for a decentralised production model by pre-packaging 
and procuring cob cartridges from local suppliers and materials, 
reducing even further the construction’s carbon footprint and involving 
knowledgeable local suppliers in the delivery plan. 
The research suggests, however, further work to develop this system 
into an industrial demo (and, even further, into a commercially viable 
system). Broadly, the research sets out a more ambitious agenda 
addressing the need to acknowledge and further investigate the poten-
tial of vernacular knowledge and buildings to facilitate material and 
digital manufacturing studies. For instance, further work can explore the 
applicability of machine learning, material feedback and computer 
vision approach for the robotic fabrication of building elements, as well 
as the observation of craft and making practices as a way to develop 
more intelligent and responsive manufacturing systems. Specifically to 
this study, the extrusion system would benefit from a higher degree of 
automation by developing a feeding system where cartridges are loaded 
and unloaded into the extrusion mechanism, ready to deliver material 
for 3D printing and where empty tubes can be collected and re-filled. A 
simple computation of printing speed, volume, and daily schedule can 
inform the size of buffer needed for pre-filled tubes and the required rate 
of exchange and delivery, which will greatly improve the degree of 
automation of the system enabling larger continuous prints. Also, in 
terms of local markets and the need to refurbish and repair existing cob 
structures, we envisage this technology as a useful alternative for cob 
building maintenance (e.g. crack filling, construction of pre-dried cob 
blocks), in alignment with recent strides on the use of robotic technology 
and intelligent computer vision for building maintenance applications, 
such as autonomous crack detection. 
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Abstract 15 
This paper presents an investigation of the structural feasibility of 3D printed (3DP) cob to 16 
be used in low-rise buildings. Cob is a traditional earth-based building material. The 17 
investigation includes conducting a compression test on 3DP cob samples to obtain its 18 
mechanical properties. The obtained values were then used for structural analyses of three types 19 
of 3DP cob walls to evaluate their load-carrying capacity based on a Limit State (LS) design 20 
framework. Results from the analyses were implemented in modelling an idealised low-rise 21 
cob building. The study found that 3DP cob has very similar mechanical performance to 22 
conventional cob on the material scale but with less material consumption, which makes 3DP 23 
cob a more attractive construction from the point of view of resource efficiency. An important 24 
outcome of the study is a structural design framework for low-rise 3DP cob buildings, which 25 
will allow designers to optimize the design of the 3DP wall construction based on its structural 26 
performance and material efficiency. 27 
Key words: 28 
Additive manufacturing; 3D printing; Vernacular architecture; Cob; Compression test; Limit state 29 
design; Structural performance optimisation. 30 
1. Introduction31 
Digital fabrication technologies, especially 3D printing (3DP), have been witnessing an 32 
increasing intake in many areas of industry [1]. The construction industry has been adopting a 33 
scaled-up version of 3DP over the past two decades. The increased demand for 3DP 34 
technologies in construction industry has encouraged researchers to develop novel ideas for a 35 
fully automated construction process. Several studies have proven that a well-developed 36 
digital-based process of construction offers various benefits such as higher design freedom, 37 
accelerated productivity, higher degree of customization and improved security of workers [2], 38 
[3]. Among the developed techniques of digital fabrication in construction, 3DP  has been the 39 




































































Nowadays, there is a rapid spread of prototypes of 3DP buildings around the world, as several 41 
institutions and companies have been competing to upscale the 3DP technology intake over the 42 
past few years [7]. The year 2019 only witnessed the construction of two of the largest 3DP 43 
concrete buildings in the world. In UAE, the Russian company Apis-Cor constructed the world 44 
largest 3DP building for the Municipality of Dubai. The building consists of two-storey with 45 
an area of 640 m2 and 9,5 m overall height [8] (Figure 1). In Saudi Arabia, the Dutch company 46 
CyBe constructed an 80 m2 house as part of their contract with the Saudi Arabia Ministry of 47 
Housing. This project came as a milestone in an ambitious goal by the Saudi government to 48 
build 1.5 million houses using innovative technologies such as 3D concrete printing and fast-49 
brick robotics before 2030 [9] (Figure 1). 50 
  51 
Figure 1. 3DP building in Dubai by Apis-cor (Left) and 3DP house in Saudi Arabia by CyBe 52 
(Right). 53 
This continuous advancement in construction technology has increased the productivity of 54 
the building sector, which consequently, has associated implications on the environment. The 55 
building sector is one of the largest contributors towards climate change, as it is responsible for 56 
40% of the CO2 emissions and 36% of global fine energy use [10], [11]. Luckily, the 57 
implementation of digital technology in construction offers great potentials for sustainability 58 
[12]. According to Ford and Despeisse [13], the adoption of additive manufacturing (i.e. 3D 59 
printing) in construction has three significant sustainability benefits: Firstly, an improved 60 
efficiency of resources implementation during production and use phase. Secondly, an 61 
extended product life as processes like repair, refurbishment and re-manufacture become easier 62 
from a technical perspective. Third, reconfigured value chains, as it provides shorter, simpler 63 
and more localised production and supply chains. 64 
The increased willingness of reducing the environmental impact of building industry has 65 
renewed the interest in earth construction after many decades of neglect [11],[14]. Nearly one 66 
 earth buildings for construction, especially in developing 67 
countries [15]. Earth constructions have very low embodied energy and are highly recyclable 68 
with very limited waste production. Furthermore, earth materials proved to have high thermal 69 
performance, leading to an improved thermal insulation and indoor comfort [11], [16], [17]. In 70 
addition, earth materials  are significantly cheap compared to standardized building materials 71 
[14]. Studies by Hamard et al. [11] and Agustí-Juan et al. [18] have revealed that sustainability 72 
potentials can be achieved through the integration of digital fabrication techniques into earth-73 




































































In this respect, the feasibility of 3DP earth-based materials have been under investigation over 75 
the past few years by institutions such as IAAC and Cardiff University [19]. WASP 3D is an 76 
Italian company that has taken this investigation further and managed to produce prototypes of 77 
3D printed earth-based houses [20] (Figure 2). 78 
   79 
Figure 2. 3DP earth house by WASP 3D. 80 
Despite these recent studies, there is a lack of definitive information on the construction of 81 
3DP cob buildings, which would create reluctance in approving the technique by practitioners 82 
and the regulating authorities. Cob is a type of earth construcion, traditionally made of soil, 83 
water and straw. To date, very little scientific research has been conducted to investigate the 84 
85 
published studies on the analytical/numerical modelling of 3DP cob walls.  86 
This paper intends to complete an essential part of larger overarching research by the authors 87 
on the feasibility of 3DP cob for modern construction. To date three main studies have been 88 
conducted: 1) geometry & fabrication process [21] ; 2) thermal performance [22] and 3) life 89 
cycle assessment (LCA) [7]. This paper focuses on the fourth part, i.e. investigation of the 90 
structural feasibility of 3D printed cob structures. Together, these studies holistically aim to 91 
establish a design guideline for 3D printed cob buildings.   92 
2. Cob construction 93 
Earth construction has three famous forms: cob, adobe, and rammed earth. Cob, which is the 94 
focus of this study, is a traditional technique of building with earth and straw (or other fibers). 95 
It differs from adobe and rammed earth with its wet-based technique of construction, where it 96 
gives freedom of design and disregard the use of formwork and keeps excellent maintenance 97 
characteristics through add-ons or cuts-out, even after the cob is dry [23] [25]. Cob buildings 98 
are well-known historically for their durability and resistance to weathering [26]. In two-storey 99 
cob houses, the structural systems for the floors and roofs usually comprise timber framing 100 
(primary and secondary beams, as designed specifically by the engineer). In the case of the 101 
floor, the joist beams are typically overlaid with timber decking. The roof is usually sloped, 102 
with eaves to protect the walls from rain. Cob walls thickness has an average of 60 cm, and 103 
traditionally they are thicker at the ground floor as compared to the first floor [14], [27]. 104 
According to both Miccoli et al. [28] and Earth Devon [29], the mechanical properties of cob 105 
walls depend greatly on a number of factors: subsoil properties, the water and straw content, 106 
the degree of compaction and the general quality of the workmanship. Compressive strength 107 




































































it controls their load-bearing capacity under gravity loads [14], [30]. The compressive strength 109 
of cob walls is relatively low when compared to other traditional construction materials such 110 
as conventional masonry and rammed earth. However, using greater wall thicknesses in cob 111 
compensates the load-bearing capacity [27], [29]. 112 
Despite the historical widespread use of cob construction around the world, the structural 113 
behaviour of conventional cob for modern construction is poorly documented, especially when 114 
compared to the available literature of other construction materials such as masonry and 115 
concrete. Only few works can be found in the literature on the structural performance of cob. 116 
These studies are reported in Table 1. The studies show that cob compressive strength (fc) varies 117 
from 0.1 MPa for a single story cob dwelling [31] and can reach up to 1.59 as in Miccoli et al. 118 
[28]. Cob, compared to all the earthen materials, has the lowest modulus of elasticity (E), its 119 
typical values ranging within 200 500 MPa. Existing data on the  is very 120 
e from 121 
Quagliarini and Maracchini [32] who reported a value of 0.21. 122 
In general, cob has been found to exhibit considerably higher material ductility than rammed 123 
earth and adobe [28], [32], as characterised by the ability to maintain substantial 124 
stress resistance well into the post-peak phase of stress-strain response.  In his study, Miccoli 125 
et al. [28] demonstrated this to be the case under both compressive and shear loading. The 126 
observed ductility can be attributed to the presence of the fibres, which are absent in other 127 
earthen materials such as rammed earth and adobe. This favourable behaviour implies the 128 
ability of cob to outperform the alternate earthen materials under deformation-controlled 129 
loading such as earthquake; however, this still warrants further investigation. 130 
Table 1. Values of compressive strength (fc) and elastic modulus (E) of conventional cob as 131 
reported in the literature. 132 
Source fc  (MPa) E (MPa) 
Houben and Guillaud (1994) [31] 0.1 (one story) -- 
Akinkurolere et al. (2006) [23] 0.6 -- 
Weismann and Bryce (2006) [27] 0.77 -- 
Quagliarini et al. (2010) [14] 0.24-0.4 (CoV 23%) -- 
Pullen and Scholz (2011) [30] 0.44-0.89 (CoV 22%) 75.84 
Miccoli et al. (2014) [28] 1.59 -- 
Rizza and Bottger (2015) [33] 0.6 71.5 
Brunello et al. (2018) [34] 0.86 -- 
Quagliarini and Maracchini (2018) [32] 1.12 16.9 
Wright (2019) [35] 1.35 (CoV 21%) -- 
Recently, research on the performance of digitally manufactured cob has started to emerge, 133 
most famously on 3D printed cob. In addition to studies by a team of researchers at Cardiff  134 
University mentioned above [7], [19], [22], [36], a study by Perrot et al.  [37] explored the 135 
structural performance of a cob-like material. The material in this study was made from a mix 136 
of earth material and alginate seaweed biopolymer (as a substitute for straw). The study showed 137 




































































results demonstrate that 3DP earth material can exhibit compressive strength simliar to those 139
of the conventioal cob construction. The study also suggests that an improved extrusion system 140
can enhance strongly the structural perfomance of 3DP cob. Until the present day, Perrot  141
study is the first and only published work on exploring the structural performance of 3DP earth-142
based material. 143
The pursuit of fully implementing 3DP cob in modern construction requires ensuring 144
structural safety through engineering design. Every type of construction must have design 145
guidelines or standards to provide assurance of the structural stability [28], [29]. The growing 146
interest in large-scale 3DP techniques in general urges for establishing a new code of practice 147
that can provide quick and firm testing process of the workability and buildability of 3DP 148
materials. Understanding the mechanical performance and developing the necessary 149
design tools for structural design are key steps necessary for the systematic integration of 3DP 150
materials in construction. This integration can then help practitioners to efficiently plan, design 151
and print the desired structures [1], [17], [22], [38]. 152
3. Aim and objectives 153
The present study aims to provide insights into the feasibility of 3DP cob walls in terms of 154
their expected structural load-bearing capability. The study approaches this aim through two 155
steps: The first is by conducting an experimental compression test on 3DP cob samples to 156
obtain the basic mechanical properties of 3DP cob including compressive strength, 157
. The second step is to evaluate the wall section geometries 158
necessary to perform a load-bearing function in typical residential construction for alternate 159
3DP patterns, by applying established engineering design and modelling principles. This will 160
be combined with an optimisation process to examine the relationship between structural 161
efficiency and several design variables such as variable room size, floor heights, number of 162
storeys, and wall section properties. The results are expected to empower architects and 163
engineers with the necessary information for design and construction process of 3DP cob. 164
4. Material Properties Experimentation 165
Test Specimens 166
4.1.1. Material mix preparation 167
According to Weismann and Bryce [27] and Hamard et al.  [11], the composition of a 168
traditional cob mixture is 78% subsoil, 20% water and 2% fibre (straw) by weight. The proper 169
subsoil formula stated as 15-25 % clay to 75-85 % aggregate/sand. This study sourced the 170
subsoil from Cardiff, UK, for the cob specimens. Subsoil specimens were examined following 171
the recommended methods in the literature [27], [39] and were found to match the general 172
recommendations for cob mixture. 173
The properties of 3D printed materials must be formulated carefully considering both its wet 174
175
drying or hardening [37]. In a 3D printing process, the material must flow efficiently through 176
the system, be deposited as layers and harden properly to reach a structural integrity threshold 177




































































has developed a new cob mixture to meet the purpose of 3D printing process. Cob is 179
traditionally mixed in a nearly dry state, which does not fit the purpose of 3D printing where a 180
less viscous rheology is required. Based on a number of systematic 3D printing tests conducted 181
prior to this study by Gomaa et al.  [22], the water content in the 3D printed cob mixture was 182
increased to an average of 25% while straw was maintained at 2%, resulting in a subsoil 183
percentage of 73% (by weight). 184
4.1.2. 3D printing and robotic tools 185
Robotic 3D printing platform consists of two main tools: the robotic arm that controls all the 186
movements and an extruder that controls the material delivery within the system. Both tools 187
must work collaboratively in synchronised to ensure high level of precision and efficiency of 188
the 3D printing process. The study used a 6-axes KUKA KR60 HA robotic arm (Figure 3). The 189
software package for robotic control was Rhinoceros via Grasshopper® and KUKA PRC®. 190




Figure 3. Robotic 3D printing of the cob specimens, with the virtual model on Rhino (left) 195
and the real output (right) 196
Test Arrangement and Method 197
The compressive test on cob specimens was undertaken in a universal compression testing 198
machine (Figure 4) following the standardised procedure in EN 772-1 [40]. The specimens 199
comprised printed cob cylinders of 400 mm tall and 200 mm in diameter as shown in Figure 4. 200
Each specimen was subjected to a uniformly distributed axial load by the two steel loading 201
platens that were coated with grease to minimise confinement due to friction. The rate of 202
applied load was approximately 0.077 MPa/min, which meant that each test took about 10 203
minutes to perform. A total of three samples were tested. 204
The test apparatus monitored the applied load and axial (longitudinal) displacement between 205
the two platens using a built-in linear variable differential transformer (LVDT). Since it was 206
not practical to apply strain gauges to the specimens due to their irregular surface, horizontal 207
deform -processing by 208





































































   211
Figure 4. Compression test set up and the specimen design.  212
Results 213
The measured stress-strain behaviour is shown in Figure 5, demonstrating consistent response 214
for each of the three tested samples. P/A, where P is 215
the applied force and A is the cross-sectional area of the specimen (31,400 mm2). Axial strain 216
axial L -to-platen, 217
and L is the length of the specimen (400 mm). 218
Key parameters derived from the test are summarised in Table 2. The maximum compressive 219
stress max) was obtained directly as the peak measured value. To account for the influence of 220
-1 defines the uncofined 221
compressive strength of a test sample as fc = k max, where k is a correction factor which for the 222
given specimen geometry is equal to 1.25. The resulting unconfined compressive strength has 223
224
mean value sits within the range of values measured in existing studies as shown in Table 1. 225
The elastic modulus (E -226
branch before the onset of nonlinearity, its mean value equal to 22.9 MPa. As seen from Table 227
1, this is comparable to the value of Quagliarini and Maracchini  [32], but only 30% of the 228
value measured by Pullen and Scholz [30] and Rizza and Bottger [33] as will be seen later, E 229
can have significant influence on wall loadbearing capacity as it controls the local buckling 230
capacity of the printed patterns. lateral axial lateral 231
being determined from video capture of the test using digital image correlation. 232
Table 2. Key results derived from compression test, including peak max), unconfined 233
compressive strength (fc), elastic modulus (E  234
Sample max (MPa) fc (MPa) E (MPa)  
1 0.88 1.10 22.7 0.16 
2 0.83 1.04 25.3 0.28 
3 0.89 1.11 20.6 0.21 
Mean value  0.87 1.08 22.9 0.22 








































































Figure 5. Stress-strain behaviour observed under compression. 237
5. Evaluation of the feasibility of loadbearing 3DP cob walls 238
This section examines the feasibility of using 3DP cob as loadbearing walls in low-rise 239
residential buildings by applying limit-state design (LSD) framework. The design actions 240
considered here are from gravity loads only, excluding possible loads from the wind or 241
earthquake, which can be highly region-specific.  242
Method of Structural Analysis 243
Because current design codes are intended predominantly toward conventional construction 244
materials, they are not necessarily applicable to performing the required structural adequacy 245
checks for 3DP -246
carrying capacity by applying first principles while adhering to the general concepts of limit 247
state design. This involves the use of characteristic values (rather than mean values) of material 248
stress capacity, applying load factors to upscale the design loads, and applying capacity 249
reduction factors to downgrade the design capacity. 250
5.1.1. Limit state design 251
Capacity adequacy checks were performed according to a limit state (LS) design framework. 252
With reference to the compressive strength, the design check can be expressed using the 253
generalised form 254
 (1) 
In Eq. (1), Nc* S, with S 255
being the unfacto Nc is the 256
design compressive capacity of the wall, determined as the basic capacity Nc multiplied by the 257
capacity reduction factor  (less than 1). To account for the fact that the material stress 258
capacities exhibit stochastic variability, capacity Nc is calculated using the characteristic 259
compressive strength of the material, f c , defined as the lower 5th percentile value (rather than 260
the mean value). 261
5.1.2. Selection of wall sections 262
Three different types of printed patterns were considered as part of this feasibility study; these 263
are referred to as A, B and C, as shown in Figure 7. These three designs align carefully with the 264















































































































analysis (LCA) of 3D printed cob by Gomaa et al.  [22] and Alhumayani et al. [7] respectively. 266
The criteria for choosing these wall sections are based on meeting variable design requirements 267
such as adequate thermal insulation, efficient use of material and structural integrity. A generic 268
vertical cross section of a wall is shown in Figure 8. Because the 3D printing process in this 269
study dispenses the cob material in circular cross sections while being flattened down into 270
wider layers, the resulting vertical shells do not have a constant thickness (Figure 8); rather its 271
thickness ranges between an inner value, tin, and outer value, tout, as shown. On the basis of 272
typical printed patterns, we take tout  tin = 20 mm, and from this also define the average 273
thickness, t, as t = (tin + tout)/2. For each type of section, d is the nominal wall depth as measured 274
from the centrelines of the two external shells, while a refers to distance between the pattern cycles 275
(Figure 6). a was taken equal to d. 276
   
   
Type A Type B Type C 





Figure 8:  Definition of geometric properties used in the analysis along a vertical 
cross section. d (wall thickness),  a (distance between the pattern cycles). 
278
(A), out-of-plane moment of inertia (I). These were calculated for 279
each type of section by conservatively treating the shell thickness in the resisting section as tin. 280
For comparative purposes, the sectional properties of the three types of patterns are provided 281








a a a 




































































Table 3. Section properties for the alternate printed patterns. Each uses tin = 50mm and d = 500mm. 283 
Properties accented by bar ( ) denote the value per unit length run of the wall. 284 












A 50 60 500 200,000 9.32×109 145 
B 50 60 500 212,000 8.60×109 137 
C 50 60 500 241,000 9.23×109 181 
5.1.3. Wall compressive strength 285 
The compressive load capacity of a wall was evaluated by considering the combined stress 286 
axial load and eccentricity moment, with allowance for local buckling of the shell structure and 287 
global buckling of the wall member. This involved firstly calculating the compressive stress 288 
capacity of the section ( c,max) as: 289 
 (2) 
i.e., as the lesser of the stress to cause material crushing ( mat) and local buckling ( buck,loc). 290 
Eq. (2) adopts the material crushing limit ( mat) as the characteristic compressive strength of 291 
the material, fc , defined as the lower 5th percentile value. The characteristic value was 292 
estimated on the basis of the mean value of 1.08 MPa (Table 1) by assuming that fc follows a 293 
lognormal distribution and has a CoV of 20%. This gives fc  = 0.77 MPa. 294 
The resistance of the shell structure to local buckling was determined by finite element 295 
analysis (FEA) using the package ABAQUS (Version 6.13). The model analysed for each type 296 
of printed section represented the full-sized wall with its length and height made sufficiently 297 
large so as not to influence the local buckling stress. A typical local buckling mode shape of a 298 
wall is shown in Figure 9. The computed values of the buckling load per unit length of the wall 299 
(  buck,loc) are summarised in the last column of Table 3. These values were computed by taking 300 
E = 22.9 s. The local buckling stress inputted 301 
into Eq (2), was evaluated as buck,loc =  buck,loc/ . 302 
 
Figure 9:  Visual representation of a typical local buckling failure mode in a wall member 





































































The member-scale load capacity of the wall with the potential for global buckling was 304 
evaluated from first principles, by treating the wall as a column under eccentric loading. In this 305 
treatment, the peak compressive stress max acting on the section can be expressed as: 306 
 (3) 
where P is the applied axial load; e 307 
described later); A, I are the section area and moment of inertia; c is the distance from the 308 
centreline to the extreme compressive fibre, equal to (d+tin)/2. Pbuck,glob is the critical global 309 
 310 
 (4) 
where Le is the effective length, taken as the floor-to-floor or floor-to-roof height (see Figure 311 
9), and other properties as defined previously. 312 
c,max 313 
max in Eq (2), and solving Eq (2) for P. This solution was obtained numerically, 314 
since Eq (2) cannot be formulated explicitly in terms of P. The limit state design capacity was 315 
then obtained by applying the capacity-reduction factor  = 0.5 as per AS3700 [41], such that: 316 
 (5) 
with P being the solution obtained from Eq (3). 317 
5.1.4. Modelling an idealised low-rise building 318 
To examine the feasibility of using 3DP cob walls as loadbearing structural elements, the 319 
study considered an idealised 1- and 2-storey house. Schematic representations of the 320 
 Figure 10. In the case of a 1-storey house, the walls carry only 321 
the roof load, while in the 2-storey house, they carry loads from the roof and suspended floor. 322 
In each scenario, the total compressive force in the wall also incorporates the wall self-weight 323 
and is calculated at the ground level. 324 
The roof load and the suspended floor structures self-325 
weight plus any superimposed permanent load), carried live load, and the dimension of their 326 
span. The roof and floor are treated as one-way-spanning in the direction perpendicular to the 327 
wall, so the load that they apply to the wall can be calculated as the total pressure load 328 
multiplied by a tributary load width (LW). The tributary load width depends on the 329 
configuration of the wall within building. In the case of an external wall, it is equivalent to half 330 
the span of the floor/roof beam. For an internal wall, it includes the sum of the respective 331 
contributions from each side (Figure 10). Further, in the case where the wall contains an 332 
opening, in a simplistic treatment the load width could be scaled pro-rata depending on the 333 
proportion of solid wall to openings. For instance, if half of the wall is perforated by openings, 334 




































































G  , Qroof roof
G , Qfloor floor







G  , Qfloor floor
 
Figure 10:  Overall building geometry, Two-storey (ns = 2) double-bay building with internal and 
external walls, indicating the definition of wall height (Hw) and tributary load width (LW). 
The gravity loads adopted in the analysis are representative of values for residential 336 
construction, which are consistent with typical loads stipulated in design standards [e.g. 337 
Australian loading code AS1170.1 [41]338 
 Table 4.  The total dead load of the suspended floor is taken as 1.0 kPa, which allows 339 
for a timber joist and timber deck floor (typically 0.5 kPa), as well as a superimposed permanent 340 
load (0.5 kPa). The general occupancy floor live load is taken as 1.5 kPa, consistent with 341 
residential dwellings. The total dead load of the roof is taken as 0.9 kPa. This makes allowance 342 
for timber framing (rafters + purlins) with clay roof tiles. Note that in comparison, a sheet metal 343 
finish (as opposed to clay tile) would reduce the total load to 0.5 kPa total. The live load acting 344 
on the roof is taken as 0.25 kPa. 345 
The self-weight of the wall was calculated in proportion to its section area, taking the weight 346 
density of the material as 18 kN/m3. Thus, the total design compressive load was taken as: 347 
 (6) 
where P*roof is the load applied by the roof, P*floor by the suspended floor, and P*wall is the 348 
self-weight of the wall over a single storey (height Hw). Each load P* is taken ultimate limit 349 
state load combination 1.2G+1.5Q, with G being the dead load and Q the live load. 350 
Table 4:  Summary of constant input parameters used in the feasibility study. 
Explanations are provided in the text. 
Property Value 
Cob material properties:  
Elastic modulus, E 22.9 MPa 
Characteristic compressive strength, fc' (See note 1) 0.77 MPa 






































































Unfactored loads:  
Roof dead load, Groof 0.9 kPa 
Roof live load, Qroof 0.25 kPa 
Floor dead load, Gfloor 1.0 kPa 
Floor live load, Qfloor 1.5 kPa 
  
Limit state design factors:  
Compressive strength capacity reduction factor,  0.5 
Ultimate limit state design load combination 1.2G + 1.5Q 
  
Eccentricities (e) of applied load (w.r.t. wall centreline): (See note 2)  
Load from roof 0.1 × Dout 
Load from floor 0.25 × Dout 
Self-weight of wall 0.05 × Dout 
Notes: 
1. Determined from mean strength (fc = 1.08 MPa) by assuming lognormal distribution and 
CoV = 20%. 
2. Where Dout is the full depth of the wall section measured between its outer edges. 
 351 
5.1.5. Connection details and load eccentricity 352 
It is important to consider that the floor and roof will generally apply the resultant load 353 
eccentrically (i.e. offset with respect to the w -of-plane 354 
-carrying 355 
capacity. The eccentricity of the applied load is largely influenced by the connection detail. 356 
While the development of the connection details falls into the domain of detailed structural 357 
design and is outside the focus of this work, conceptual illustrations of possible connections 358 
are shown in Figure 11. 359 
The connection between the roof and wall can be achieved by supporting the timber rafters 360 
using a timber bearing block, in turn resting on a spreader block that distributes the load onto 361 
the wall (Figure 11a). This detail is assumed to generate an eccentricity e = 0.1 Dout, with Dout 362 
being the full depth of the wall measured between its outer edges. The wall-to-floor connection 363 
(Figure 11b) involves a detail in which the joists penetrate partially into the wall and are 364 
supported by a bearing block and spreader block. The assumed eccentricity of this connection 365 
is 0.25 Dout. It should be noted that a connection in which the floor is supported outside the 366 
extent of the wall would generate an eccentricity > 0.5 Dout, and is not advised as this would 367 
significantly diminish the loadbearing capacity. The aforementioned values of the assumed 368 
eccentricities are consistent with similar details for conventional clay brick masonry provided 369 






































































           
(a) Wall-to-roof connection (section view).  (b) Wall-to-floor connection (section view). 
 
Figure 11:  Potential connection details and definition of eccentricities (e) of the applied 
load (F). 
Additionally, for sake of conservatism the self-weight of the wall is assumed to act at an 371
eccentricity of 0.05 Dout to allow for any incidental geometric imperfection of the wall. The 372
internal bending moment was calculated as the sum of each applied load P* (i.e. P*roof, P*floor, 373
P*wall) and its respective eccentricity, which dividing by the total compressive force N*c [from 374
Eq. (6)] produces the net eccentricity: 375
 (5) 
The net eccentricity was used as the input value of e in Eq (3). 376
5.1.1. Optimisation methods 377
The 3D printed sections in Figure 7 can be defined by two variables: the nominal wall depth 378
(d) and average shell thickness (t). In order to determine the most efficient section needed for 379
load-bearing functionality, an optimisation process was undertaken to minimise the material 380
volume while ensuring that the load capacity remains sufficient to accommodate the applied 381
design load. As a metric of the structural adequacy, the limit state design formula [Eq (1)] can 382
be rearranged and expressed as the capacity utilisation (u), i.e. the ratio of the design load to 383
the design capacity: 384
 (5) 
where both the capacity and design load are functions of the optimisation variables d and t. 385
As a proxy for the material volume, we can adopt the area per unit length of the wall ( ), 386
since the two are directly proportional. Therefore, the optimisation process to determine the 387
optimal t and d can be expressed as: 388
Minimise , by varying t and d, subject to the constraints: 389
a.  (ensure structural adequacy), 390
b. t > 0, d > 0 (positive values only), 391














































































To cater for varying architectural requirements on the building geometry, this optimisation 393
was performed at different combinations of the wall height (Hw), load width (LW), and number 394
of storeys (ns). Constant inputs and their values are summarised in Table 4. 395
Two types of optimisation approaches were adopted in this study. Both solvers were 396
leveraged collaboratively for two reasons: first, to ensure the integrity of the results through 397
verification; and second, to provide two different approaches to results representation. The first 398
approach used a continuous optimiser in MATLAB®, where t and d can adopt any values along 399
a continuous domain.  The second approach utilized Galapagos, an evolutionary optimiser in 400
Rhino- Grasshopper® package by McNeel [43] (Figure 12). Galapagos relies on Non Liner 401
Optimization (NLopt) and GUI algorithms [44]. Implementing the optimisation within 402
MATLAB provides a simple and quick process of optimisation compared to Galapagos; yet, 403
using the Grasshopper package provides essential key advantages to the whole construction 404
process, such as: 405
1) Direct link to the 3DP system (i.e. 3D printers and robotic arms), which enables an efficient 406
execution of models. 407
2) An inclusive control over the design-to-fabrication framework, which includes geometry 408
design and other performance optimisation aspects such as thermal, lighting and 409
environmental impacts. 410
3) Better visual representation of the modelling results in real time, which facilitates 411
envisaging the building geometry and its aesthetics (Figure 13). 412
 413
Figure 12. Grasshopper defintion for the optimisation of the wall models.  414
   415
Figure 13. Visual representation of the optimisation process of Galapagos (left) and a sample of the 416






































































The relationship between capacity utilisation and the wall section is illustrated in Figure 14, 420
which plots contour lines of equal utilisation (u) as a function of shell thickness (t) and nominal 421
wall depth (d). The graph corresponds to a specific case where the wall height (Hw) = 2.5 m, 422
the load width (LW) = 3.5 m, and the building having two-stories (ns = 2). It is important to 423
note that the presented trends in Figure 14 are representative of general trends, regardless of 424
the actual values of these inputs. The thick black contour line indicates utilisation of unity 425
(u=1), i.e. the locus of points where the capacity is equal to the design load. The shaded grey 426
area encompasses wall sections that are structurally adequate. The red dashed line delineates 427
the zones where the section is compact (governed by the material crushing) as opposed to 428
slender (governed by local buckling), as per Eq (2). The black dashed lines determine the range 429
of the t values (and their associated d values) that are governed by the available nozzle sizes in 430
the used 3DP system.  431
 
  
Figure 14: Typical utilisation contour plot for varied shell thickness (t) and the nominal wall depth 
(d). Grey area indicates the zone where the capacity is adequate for the design load. The dashed red 
line delineates compact sections (material stress failure) from slender sections (local buckling 
failure). Calculated for Hw = 2.5m, LW = 3.5m, ns = 2. 
Figure 14 demonstrates that since material usage (and ) is proportional to the shell thickness 432
(t). Sections with a small depth (d) are inefficient in terms of material usage, because they 433
require an uneconomically thick shell (t) to maintain the necessary stress bearing area and 434
moment of inertia. The optimal section in terms of material volume is one that minimises the 435
shell thickness along the line u = 1. This indicates that 3DP cob walls can offer improved 436
material efficiency compared to equivalent solid cob walls. 437
Notably, the u contours follow distinctly different trajectories in the compact- and slender-438
section zones, and consequently the optimal solution occurs at the boundary that delineates 439
them. In the compact section zone, there is a roughly inverse relationship between t and d at 440
any constant utilisation; this is because of the trade-off between t and d while maintaining a 441












































































reduced (with the aim of making the section more economical), the section compressive 443
capacity [Eq. (2)] eventually begins to be governed by local buckling, at which point the 444
445
already slender, increasing its depth d would make it more prone to local buckling (d being 446
analogous to the effective length in the context of local buckling). Therefore, a larger t would 447
be required to compensate for this, resulting in a progressively less economical section in terms 448
of material volume. 449
These observations highlight the importance of reliably quantifying both the material 450
crushing strength (fc) and the elastic modulus (E) of the cob material, since both properties 451
govern the design capacity of the section in the practical range of interest. The results shown 452
in Figure 14 have also led to a narrowed down scope of values for the optimisation process of 453
t and d, which helped accelerating process and producing concise design charts. 454
5.2.1. Design charts 455
as in 456
Figure 15 and Figure 16. Each figure plots the t and d dimensions of the optimal wall section 457
design. Figure 15 keeps the wall height constant at 3.0 m while varying the load width on the 458
horizontal axis to a maximum of 6 m width. Figure 16 maintains a constant load width at 4.0 459
m while varying the wall height on the horizontal axis between 2.5 to 3.5 m. Each figure 460
considers the three alternate printed patterns (A, B, C), and a 1- or 2-storey building. The 461
corresponding area per unit length (proxy for the material volume) of the optimal sections is 462
plotted in Figure 17 and Figure 18. Both figures demonstrate the relative efficiency of the 463
sections to maintain the same structural adequacy. The selected constant values of wall height 464
(Hw) and load width (LW) at 3 m and 4 m in Figure 15 and Figure 16 respectively were intended 465





































































Figure 15:  Dimensions t and d for optimised sections at varied load width (horizontal axis 
of each plot) and constant wall height of 3 m. Considers section types A, B, C. Top row is for 




Figure 16:  Dimensions t and d for optimised sections at varied wall height (horizontal axis of each 
plot) and constant load width of 4 m. Considers section types A, B, C. Top row is for single storey, 
bottom row for double storey. Each graph shows t on the left y-axis and d on the right y-axis. 
  
Figure 17:  Cross-section area per unit 
metre for the optimised sections whose 
dimensions are plotted in Figure 15 (varied 
load width and constant wall height of 3 m). 
Figure 18:  Cross-section area per unit 
metre for the optimised sections whose 
dimensions are plotted in Figure 15 (varied 





































































6. Discussion 469 
Starting with the material properties examination: the tested 3DP cob samples (Table 2) show 470 
generally comparable mechanical performance to conventional cob (Table 1) under axial 471 
compression testing. The measured compression strength (fc) is within the higher range of 472 
reported values for conventional cob. Similarly, the Poi of the 3DP cob was 473 
matching the reported value in the literature. However, the elasticity modulus of the 3DP cob 474 
was toward to lower end of reported values. Yet, all the quantified properties were deemed to 475 
be satisfactory, to proceed with the next phase of the feasibility evaluation. 476 
Moving to the structural analysis: application of established structural assessment principles 477 
in conjunction with the experimentally quantified properties has demonstrated that 3DP cob 478 
walls could safely sustain gravity loads in typical residential construction for up to a two-storey 479 
building with sufficient space sizes and reasonable thicknesses of walls. The design charts 480 
produced using this process (Figure 15 and Figure 16) describe the relationships between the 481 
different design variables so as to achieve the most efficient section (minimising material 482 
volume) while ensuring structural adequacy. Looking into the design charts, it is obvious that 483 
a wall a small section area A consumes less material in 3d printing. However, using small wall 484 
section area may also result in a less efficient architectural design with possibly compromised 485 
aesthetics and thermal performance, in addition to other workability challenges in the 3DP 486 
printing system to exert walls with small section area. 487 
A previous study by Gomaa et al. [21] found that 3DP of large-scale cob walls require a 488 
nozzle of a size no less than 40 mm, resulting in an average shell thickness (t) that varies from 489 
40 to 80 mm. Lower diameter sizes will slow down the printing process. They can also cause 490 
clogging problems inside the extrusion system. On the other hand, using larger nozzles leads 491 
to a higher consumption rate of material and less control over accuracy. Hence, for small load-492 
carrying demands, not only is the wall section governed by structural requirements, it is also 493 
determined by other considerations such as thermal requirements, aesthetics, and the 494 
constraints of the 3DP apparatus.  495 
The trends in the charts, as they are plotted now, present a spectrum of the structurally 496 
functional values for the basic design variables of walls that affect the design and fabrication 497 
process, regardless of the chosen wall section type (i.e. A, B or C). These variables, with their 498 
range of values, are summarised in Table 5. 499 
Table 5. The suggested range values of the basic wall design variables in the design charts 
 1 storey 2 stories 
 Min (mm) Max. (mm) Min (mm) Max. (mm) 
Shell thickness (t) 25 40 35 90 
Wall thickness (d) 250 380 320 640 
The results in general suggest that the Type A wall section is the most efficient for structural 500 
and material use considerations, followed by B then C. Nevertheless, it is essential to decide 501 
what kind of efficiency is at stake for a specific project. In other words, from a structural 502 
engineering viewpoint, efficiency  might refer only to achieving adequate structural 503 




































































notion of efficiency also combines aspects such as design function, thermal performance and 505
environmental impacts. To elaborate further, the thermal performance efficiency of 3DP cob 506
was explored thoroughly in a recent study by Gomaa et al. [22] . The study proved that the 507
voids within the 3DP cob walls dramatically improve thermal efficiency compared to solid cob 508
walls. This means, when looking into the three wall types A, B and C in this study, their order 509
of structural efficiency does not necessarily imply that they have the same order for thermal 510
efficiency. Hence, it is highly recommended to consider analysing the holistic performance of 511
the chosen wall type, including structural, thermal and environmental efficiency. This will be 512
the subject of a future study.  513
Case study of a 3DP small house 514
As explained previously, the approach to leveraging the design charts depends greatly on the 515
architectural design intentions and requirements. To elaborate this, a case study demonstrating 516
an envisaged design process of a small cob house is presented and analysed in this section. The 517
process starts with a simple floor plan indicating the zoning and the dimensions of spaces. For 518
the purpose of this study, the house is designed to combine four spaces with different sizes and 519
openings to represent typical design requirements. dimensions vary from 2 m to 4 m 520
wide. The roof and the suspended floor in the 2-storey house alternative are treated as one-way 521
spanning as shown in Figure 19. Each loadbearing wall (numbered 1 7 in Figure 18) has its 522
characteristics detailed in Table 6 and Table 7 for 1- and 2-storey alternatives respectively. The 523
non-loadbearing walls (unnumbered in Figure 19) can adopt the minimum required dimensions 524
for each pattern (A, B, C), by treating it as a wall supporting zero load width. LW=0 is 525
analogous to a wall that needs to support only its own self-weight. However, assigning different 526
Lw for each wall can add complexity to the design and lower the efficiency of construction 527
process. Therefore, non-loadbearing walls are recommended to be treated as case by case based 528
on each design goals and requirements. 529
Table 6 and Table 7 indicate the process to assign the particular t and d to each wall in the 530
building using the design charts from Figure 15. The process starts by defining the location of 531
the wall (i.e. internal, external) and the direction of the floor and roof spans, which dictate the 532
basic tributary load width supported by each wall based on the gross dimensions. Then, if the 533
wall has an opening, the basic load width was upscaled in relation to the ratio of the openings 534
(as described in section 5.1.4). For instance, a wall containing 50% openings (measured in the 535
plan view) carries an effective load width equal to double the basic load width. The effective 536
load width is then used to allocate t and d from the design charts for the particular wall type 537
(A, B, C). Note that for simplicity, the effective load widths in Table 6 and Table 7 are rounded 538
up to the nearest integer. Figure 20 demonstrates the finalised floor plan after assigning the 539





































































Figure 19. The floor plan of the idealised 3DP cob house. Half-headed arrows indicate the 542
span direction of the suspended floor and roof in each space. Load-bearing walls are numbered 543
from 1 to 7. 544











Corresponding t and d (mm) 
Type A Type B Type C 
t d t d t d 
1 2 25 1.5 3 30 300 35 310 35 320 
2 2 50 2.0 4 35 310 35 320 35 330 
3 1.5 30 1.6 3 30 300 35 310 35 320 
4 1.5 15 1.3 2 30 290 35 300 35 310 
5 1 5 1.1 1 30 280 30 290 30 300 
6 2 30 1.6 3 30 300 35 310 35 320 
7 1 40 1.8 2 30 290 35 300 35 310 
 545











Corresponding t and d (mm) 
Type A Type B Type C 
t d t d t d 
1 2 25 1.5 3 60 480 65 490 60 500 
2 2 50 2.0 4 70 535 75 540 70 550 
3 1.5 30 1.6 3 60 480 65 490 60 500 
4 1.5 15 1.3 2 50 430 55 440 55 450 
5 1 5 1.1 1 45 375 50 390 50 400 
6 2 30 1.6 3 60 480 65 490 60 500 




















































































Adjusted walls for 3DP 1-storey house Adjusted walls for 3DP 2-storey house 
Figure 20. The finalised floor plan indicating the adjusted dimensions of walls for 
3DP 1-storey house(left) and 2-storey house (right). 
Based on Table 6, it can be seen that the t and d vary minimally between the walls in the case 548
of 1-stoery house, regardless of the 3DP pattern (A, B, C). For example, in type A, t ranges 549
between 30 35 mm, and d between 280 310 mm. This is because the wall dimensions are not 550
overly sensitive to the load width in the case of a 1-storey building, as evident from Figure 15. 551
In this instance, the designer may choose to standardise the walls sizes by simply adopting the 552
largest t and d for every wall. 553
However, this is not the case for the 2-storey house as shown in Table 7, where the optimal 554
sections vary substantially (e.g. for type A: t = 45 70 mm, d = 375 535 mm), thus affecting 555
material quantity dramatically. 556
then it is recommended to find a suitable balance between standardising wall sizes and 557
choosing optimal t and d using the design charts. 558
Figure 20 (right) shows the adjusted floor plan for the 2-storey example by assigning the 559
minimum required section. It is immediately clear that the walls vary considerably in their 560
sizes, especially for loadbearing and non-loadbearing walls. These differences have a great 561
effect on the overall quantity of materials considering the whole size of the building. It is also 562
essential to notice that the adjusted wall thickness in the case of 2-storey building has an 563
influence on the functionality of the space design. The aisle clearance linking the living area 564
with the bedroom was severely narrowed down due to the increased thickness of the walls on 565
both sides. 566
This previous discussion reveals the importance of the careful consideration of spanning 567
direction in the design-to-construction process, which must cope with the functionality of the 568
architectural design, as well as other efficiency aspects as previously suggested. To conclude, 569
the following points are important to be considered when selecting the spanning direction: 570
 The function of the spaces, 571
 The openings location and clearance, and 572
 The thermal insulation aspects. 573
Also, when looking thoroughly into the impact of structural considerations, it becomes clear 574
that the span direction of the floor/roof system and selection of which walls act as load-bearing 575
can also play an important role in creating an efficient balance between structural and 576
architectural requirements. To elaborate this further, Figure 21 illustrates alternate options for 577












































































structure. The chosen layout influences the required wall sizes, since load-bearing walls 579
(highlighted in red) will require a larger thickness. 580
Solution (1) in Figure 21 has four structural zones, leading to a small load width on each 581
loadbearing wall, and thus enabling smaller wall thicknesses. However, this may create less 582
freedom for design changes as the number of loadbearing walls is large. This can also reduce 583
the functionality of the areas of the small spaces (i.e. toilets and storages) due to the thicker 584
walls. On the other hand, solution (3) shows only two structural zones, which means only three 585
walls in the whole house will act as load bearing. Despite the massive expected thickness of 586
these main walls, this solution can provide high flexibility for the spacing design as the internal 587
walls could be made of lightweight panels, while external walls only will be made of 3DP cob. 588
   
(1) (2) (3) 
Figure 21. The possible approaches for defining the structural/spanning zones in a small 3DP cob 
house with indication for spanning direction. (1) Alternative with four structural zones; (2) 
Alternative with three structural zones; (3) Alternative with two structural zones. The load-bearing 
walls are highlighted in red.  
7. Conclusion 589
The increased intake of 3DP technologies in construction, accompanied with the quest for 590
environmentally efficient materials, has led to leveraging earth-materials in a contemporary 591
3dp process. 3DP cob has been a subject of investigation for several years now; however, where 592
those investigations mostly focused on the design aspects and environmental performance, it 593
lacked proper testing to the mechanical and structural properties.  594
This study has conducted a comprehensive structural feasibility investigation to the of 3DP 595
cob walls under gravity loads. The study quantified the basic mechanical properties of 3DP cob 596
using a standardised compression test. It then evaluated the expected member capacity of 3DP 597
walls using established structural mechanics and design principles, and by doing so examined 598
the feasibility of 3DP cob walls as load-bearing in typical residential construction. The testing 599
demonstrated that 3DP cob could have very similar mechanical performance to conventional 600
cob on the material scale. The feasibility modelling then demonstrated that 3DP cob walls have 601
the capability to be utilised as structural load-bearing walls in up to 2-storey residential 602
buildings.  603
The feasibility modelling also revealed the following results: 604
 3DP cob walls can sustain structural adequacy for less material consumption compared to 605
conventional cob. That is due the incorporated voids inside the 3DP cob wall, which is hard 606




































































The model design approach demonstrated in this paper provides a means for integrating 3DP 608
cob into the design to construction framework. The generated design guidelines are directly 609 
linked to a Rhino-Grasshopper definition that enables adequate visual modelling and direct 610 
connection to 3DP system.  611 
 The dimensions required for load-bearing functionality can be efficiently executed using the 612 
available 3DP technologies and extrusion systems. 613 
The findings of this study completed a final milestone in full feasibility investigation of 3DP 614 
cob for modern construction which combines other three aspects: 1) geometry & fabrication 615 
process; 2) thermal performance; and 3) life cycle assessment (LCA). The results lead to a 616 
conclusion that 3DP cob provides an excellent alternative to the contemporary digital 617 
construction. Also, 3DP cob can provide novel geometric and design opportunities, in addition 618 
higher precision when compared to manually constructed cob, especially in producing complex 619 
geometries. 620 
It is however important to highlight, whilst promising, the findings presented herein are based 621 
on material-scale experimental tests combined with structural analysis. Therefore, future 622 
research is recommended into experimental testing at the wall member-scale to provide further 623 
verification of these findings. This research also initiates new opportunities for further research 624 
on exploring the emerging opportunities for workforce under the accelerating intake of 625 
automation in construction, particularly under the declining workforce in the indigenous 626 
construction fields. This 3DP technology can potentially be a useful mean for cob building 627 
repairs (e.g. crack filling, construction of pre-dried cob blocks), as well as providing some 628 
degree of adaptation and customisation for cob building design. 629 
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- Basic mechanical properties of 3D printed cob were experimentally quantified. 
- Mechanical properties of 3DP cob are similar to traditional cob. 
- A model technique for compression design is demonstrated using a limit state framework. 
- Loadbearing 3DP cob wall are shown to be feasible for residential construction up to 2 stories. 
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This paper explores the environmental impacts of large-scale 3D printing (3DP) construction in com-
parison to conventional construction methods using two different types of construction material: con-
crete and cob (a sustainable earth-based material). The study uses a standard Life Cycle Assessment (LCA)
method, from cradle to site, to assess the environmental impacts of the construction materials and
processes, with a focus on load-bearing walls in small/medium size houses. As expected, cob-based
methods (conventional followed by 3DP) show lower overall environmental impacts and global warm-
ing potentials than the concrete-based methods. The study also shows that while the overall environ-
mental impacts of 3DP concrete is higher than that of 3DP cob due to higher global warming potential,
stratospheric ozone depletion and fine particulate matter formation, it has less impact on marine
eutrophication, land use, and mineral resources scarcity. The environmental issues that remain to be
overcome in relation to 3DP concrete is its high-cement content, while the issue in 3DP cob rises from
the use of electricity for the 3D printing operation. The study indicates that the use of renewable energy
resources and innovative material science can greatly increase the potentials of both 3DP cob and 3DP
concrete respectively for future construction.
© 2020 Elsevier Ltd. All rights reserved.1. Introduction
In 2018, the International Energy Agency (IEA) reported that the
average rate of growth of global energy consumption had increased
almost two-fold since 2010. This high energy demand increased
CO2 emissions by 1.7% in 2018 alone, reaching a new record in its
history (International Energy Agency, 2018). The building con-
struction sector and its operations accounted for 40% of the CO2
emissions and 36% of global fine energy use in 2018 (IEA and UNEP,
2018). At the same time, buildings play an important role in tran-
sitioning to a low-carbon economy (Shrubsole et al., 2019). The
drive to improve environmental conditions and reduce carbon
emissions has led to innovations in technology and construction
techniques (Shrubsole et al., 2019). Digital fabrication technologiesd Built environment, Horace
005, Australia.
. Alhumayani), mohamed.
ica.soebarto@adelaide.edu.auin the manufacturing industry are also being adopted in architec-
ture and construction (Craveiro et al., 2019). 3D printing technol-
ogies, in particular, have become a focus of attention in a number of
diverse fields, including the construction sector (Wang et al., 2014;
Soliman et al., 2015).
3D printing involves producing three dimensional objects by
layering different materials (ASTM International, 2013). 3D printing
has developed dramatically in recent years and can now be done
using a range of materials (Agustí-juan et al., 2017). Where origi-
nally the use of 3D printing was restricted to the creation of
physical models to present concepts to stakeholders; it is now
being used to build entire buildings (Geneidy and Ismaeel, 2018). A
milestone in the development of 3D printing technology took place
when “Contour Crafting”, a research project conducted at the
University of Southern California, showed how layered extrusion
technologies can work within large scale constructions
(Khoshnevis et al., 2006).
The use of 3D printing in construction is gaining increased
attention around the world. Several companies, such as Apis Cor,
CyBe and Winsun, have upscaled technology intake over the past 5
years and have started tendering for 3D printed projects in Europe,
H. Alhumayani et al. / Journal of Cleaner Production 270 (2020) 1224632Saudi Arabia, the United Arab Emirates and China (Apis Cor, 2019;
CyBe, 2018; Winsun3d, 2019). In 2019, Apis Cor constructed the
world’s largest 3D Printed (3DP) building in the UAE for the Dubai
Municipality. The building stands over an area of 640 squaremeters
and has two-stories with an overall wall height of 9.5 m. The walls
were all 3D printed on site while the foundations and slabs were
constructed conventionally (Apis Cor, 2019).
Although there have been numerous studies and many ad-
vancements in 3D printing of buildings, 3D printing applications in
construction are still at an early stage and are still fairly limited in
terms of project scale, materials, and the high cost of the technol-
ogy (Wu et al., 2016; Berman, 2012). The other important aspect
that remains insufficiently explored to date is the environmental
impacts and the Life Cycle Assessment (LCA) of the 3DP technolo-
gies in construction (Veliz et al., 2018). There is, therefore, the need
to investigate the environmental impact of 3D printed building
design, materials, technology, regulations and codes (Dixit, 2019).
The Life Cycle Assessment (LCA) method, which is presented in
the ISO 14040- 44: 2006 Standards (ISO, 2006), is an assessment
method of the environmental impacts of products and processes.
LCA has been used in the construction sector for the last twenty
years (Singh et al., 2011; Buyle et al., 2013). LCA methods can
evaluate and optimise the construction processes by taking a
comprehensive and systemic approach to environmental assess-
ment (Tulevech et al., 2018). LCA in construction has two main
approaches, depending on the required level of depth of assess-
ment (H€afliger et al., 2017). The first approach involves a compre-
hensive level of detailing of the environmental impact of a building
over its entire life cycle, including all the associated processes and
materials (cradle to grave). The second approach assesses and
compares only the environmental impact of the construction ma-
terials and/or construction method (cradle to site). According to
ISO14040, 2006, LCA involves four phases that work iteratively: The
first phase is to define the goal and scope for launching the system
boundaries and the quality criteria for the inventory data and
functional unit. The second phase entails the inventory analysis
(LCI), which focuses on the life cycle of the products in several
steps. This phase deals with the production and collection of in-
formation on energy flows and physical material. The third phase is
a life cycle impact assessment (LCIA), which uses the data collected
from LCI and calculates their contribution to various environmental
impact groups. The last phase is interpretation, which evaluates
results to achieve conclusions, identifies important issues, gives
recommendations, and describes limitations.
There are several impact assessment methods to calculate
environmental performance, including CML, EDIP, ReCiPe, and
TRACI (Cavalett et al., 2013) and each of these methods combines
several impact indicators/categories. The ReCiPe method, for
instance, combines eighteen impact categories, as listed by
Goedkoop et al. (2009), namely: global warming potential, ozone
depletion potential, terrestrial acidification potential, freshwater
eutrophication potential, marine eutrophication potential, human
toxicity potential, photochemical oxidant formation potential,
particulate matter formation potential, terrestrial ecotoxicity po-
tential, freshwater ecotoxicity potential, marine ecotoxicity po-
tential, ionising radiation potential, agricultural land occupation
potential, urban land occupation potential, natural land trans-
formation potential, water depletion potential, mineral depletion
potential, and fossil depletion potential. Each impact category has
its weight and significance on the environment. Product Environ-
mental Footprint Category Rules Guidance (PEFCR Guidance) pro-
vide recommendations for the most relevant impact categories to
current global environmental concerns (European Commission,2017). These recommendations are based on normalised and
weighted factors, representing the level of importance per category
based on its impact on the environment.
To date, a limited number of studies have been conducted to
assess the environmental opportunities of applying digital fabri-
cation and 3DP methods in construction (Soto et al., 2018; Dixit,
2019). Researchers have generally focused on the environmental
impact at a small scale, for example, Kreiger and Pearce (2013), who
studied the environmental benefits of distributing conventional
and 3D printing of polymer products. A study conducted by Faludi
et al. (2015) compared the environmental impacts of two types of
additive manufacturing machines versus traditional numerical
(CNC) milling machines and showed that there is a reduction in
energy use and waste in additive manufacturing machines when
compared to CNC milling machines.
Recently, Yao et al. (2019) compared 3D printing geo-polymer
technology and the use of ordinary concrete in four scenarios us-
ing a Life Cycle Assessment (LCA) method. The study revealed that
3D printing technologies perform better environmentally and
possibly lead to a reduction in waste when creating complex con-
struction components. However, ordinary concrete performed
environmentally better than 3D printed geo-polymer when it came
to building simple walls. Prior to this, Kafara et al. (2017) conducted
a comparative study of 3D printing manufacturing and conven-
tional manufacturing of mould core making for carbon fiber rein-
forced polymer (CFRP) production. The results revealed that 3D
printing manufacturing performed better on an environmental
scale than conventional manufacturing. In recent years, researchers
have started to explore 3D printing of earth-based materials, such
as cob, as an eco-friendly substitute to 3D printed concrete (Perrot
et al., 2018). It is claimed that 3D printing of earth materials can
leverage the environmental potential of 3D printing techniques by
reducing waste and the transportation and carbon footprint of the
construction process (Gomaa et al., 2019; Veliz et al., 2018).
Concrete is one of the most used materials in conventional
construction in the Middle East and Saudi Arabia (General Au-
thority for Statistics, 2019). On the other hand, the Middle East
region, including Saudi Arabia, is rich with earth materials and Cob
houses (Ibrahim, 2018; NICDP, 2019). Saudi Arabia’s national
development plan (Vision, 2030) envisages adopting and using new
technologies, such as 3D printing, with the aim of becoming a
global investment powerhouse (Saudi Vision, 2030; 2018). Saudi’s
government aims to increase the percentage of ownership of
houses by 60% (Housing program, 2019). The fast-growing building
industry in Saudi Arabia is pushing the government towards the
adoption of advanced construction methods that can meet the new
development agenda. The increasing demand is expected to sub-
stantially increase energy consumption with consequent environ-
mental implications (Asif et al., 2017). This makes it even more
imperative to study the environmental impact of the building
industry.
Hence, the main aim of this study is to compare the environ-
mental impact of the 3D printing construction method with con-
ventional construction methods using two different types of
construction material: concrete and cob. Both materials are
conventionally available worldwide with well-established knowl-
edge of practice and historical performance. This approach is ex-
pected to provide a clearer understanding of the environmental
implications of using 3D printing methods in construction, which
should empower designers, project planners and stakeholders with
the necessary data to make informed decisions regarding con-
struction methods and materials. The study focuses on the con-
struction market in the Middle East, particularly Saudi Arabia.
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2.1. Life cycle assessment set up
The study used SimaPro 9.0.0.35 software (PRe, 2019) to
implement the LCA method. As recommended in ISO 14040 and
14044, the Ecoinvent v3.1 database was used because it is a
compliant data source for studies and assessments. The ReCiPe
Midpoint (H) v1.03 method for impact assessment was used as it
provides a wide range of environmental categories, used in most
scientific studies on LCA (Huijbregts, 2017; Agustí-juan et al., 2017).
For water use analysis, the study implemented the Available Water
Remaining (AWARE) method, as recommended by the United Na-
tions Environment Programme (UNEP/SETAC, 2016). The chosen
processes for the LCA of the constructed walls were raw material
extraction, transport, material manufacturing, and the energy
required for construction.
This study focuses on the most relevant impact categories,
which are identified as all the impact categories that cumulatively
contributed to at least 80% of the total environmental impacts
(excluding toxicity related impact categories)(European-
Commission, 2017). The seven most relevant impact categories, as
advised by PEFCR Guidance, are: 1) global warming; 2) strato-
spheric ozone depletion; 3) fine particulate matter formation; 4)
marine eutrophication; 5) land use; 6) mineral resource scarcity;
and 7) water use (AWARE). The latest normalisation and weighting
factors for this study were obtained through the European Com-
mission Platform on Life Cycle Assessment (European Commission,
2017, 2019; Sala et al., 2018).
2.2. Study goal and scope
Given the limited information about 3D printed constructions,
the LCA carried out for the purposes of this thesis is a cradle to site,
which includes raw materials, transportations, and construction
process on site. The using phase and demolishing phase are not
included in this study. LCA is applied to assess and compare the
environmental impacts of two different construction methods: 3D
printing and conventional construction methods. The materials
used in both methods are concrete and cob. The conventional
concrete method commonly used in Saudi Arabia involves rein-
forced concrete structures (column and beam) and blockwork walls
while the 3DP method involves solely the concrete mix. On the
other hand, cob ingredients are the same in both conventional and
3DP methods, but with different ratios.
The functional units of each construction method are chosen to
represent a section of an external load bearing wall in a one-storey
house. All the units share the same standing area of 1 m2, while the
thicknesses vary to reflect the differences in the physical/structural
properties of eachmethod. It is important to note that, despite both
cob and concrete are constructed using the same technology of 3D
printing, each material has its own unique physical and structural
characteristics. It is obvious that concrete has higher structural
strength per unit area as compared to cob. Hence, the design of the
wall section differs within the same structural function. Both
Conventional and 3DP concrete require simpler wall design as
compared to conventional and 3DP cob for the same wall unit in
same building design. This means, when building a one-storey
house, both concrete and cob walls will be designed to satisfy the
same structural function.
The conventional method of building with cob requires a load
bearing wall with a thickness that varies from 20 cm to 120 cm. An
architect usually defines the thickness variation based on several
factors, such as expected load, total wall height, and which part of
the wall is being constructed (i.e. bottom or top of the wall). Themost used thickness of straight cob walls (no tapering) is 62 cm on
average. For tapered walls, this thickness varies from 120 cm at the
bottom to 20 cm at the top (Hamard, 2016; Quagliarini et al., 2010).
This study is based on straight cob walls with a thickness of 60 cm
for use in a conventional cob functional unit.
The 3DP concrete wall was designed with a thickness of 40 cm,
based on the walls used in a recent project in Saudi Arabia (CyBe,
2018). The 3DP cob was designed with a thickness of 60 cm
similar to the standard used in straight cob walls and the thickness
of similar walls constructed by researchers at Cardiff University and
at 3D WASP (Veliz et al., 2018; Veliz Reyes et al., 2019; 3D WASP,
2020). Both 3DPwalls comprise an internal pattern filament (Fig.1).
The selection of a comparable functional unit in a conventional
concrete structure wall for this study requires a different approach,
as the walls in this type of construction do not have uniform ge-
ometry (e.g. cube, parallelepiped). A structural “functional” wall
unit in a concrete structure combines three components: columns,
beams and blocks/bricks (Fig. 2). Hence, the study selected another
transitional functional unit for the conventional concrete wall, i.e. 4
(L) x 3 (H) meters. This makes the standing area of this wall 12 m2,
which is 12 times the standing area of each of the other three
functional units. Since the LCA comparison depends mainly on
quantities, the calculated quantities in the 4  3 m concrete wall
were divided by 12 to represent the quantities in a 1m2 unit. Worth
mentioning is the fact that it is possible to reverse this approach by
upscaling the small functional units to 12 m2 walls. However,
keeping the functional units as 1 m2 will maintain a more gener-
alised unit that will facilitate multiplication and reproduction of
results.
As shown in Table 1, there are differences in volume between
the 3D printed versions and the conventional method. The reason
for this is that the 3D printedwalls are combined with inner gaps in
their design by default, which is a beneficial characteristic of the 3D
printing technology that enables a reduction in the amount of
construction material needed and an increase in the thermal per-
formance of the walls (Veliz et al., 2018; Gomaa et al., 2019).
2.3. Electricity consumption calculation
2.3.1. Calculating the electricity consumption for 3D printed cob
and concrete
The electricity consumed for the robotic arm operation during
the construction process can be estimated either practically or
mathematically. The practical measure of power consumption re-
quires the use of electricity/power meters that only read the power
source for the digital fabrication tools being used (i.e. in this case a
robotic arm) or, if the tools are battery powered, a calculation of the
number of full charges needed to finish the construction process.
The mathematical method to estimate the electricity consumption
depends on knowing the power ratings in Kilowatts (kWh) of the
fabrication tools and the time required to complete the fabrication
process. The total electricity consumption can then be obtained
using the following equation:
Electricity consumption (kWh)¼ power demand (kW) Time (hrs)
The fabrication tool used in the study is a KUKA KR60 HA robotic
arm. This robot has a direct supply line of electricity but does not
have an electricity meter. Therefore, the study used the mathe-
matical estimation of power consumption. The robot operates 3D
printing tasks with a payload of approximately 30 kg, and it has 6
motors on each of its axes; the motors have a collective power
rating of 16.8 kW when working on maximum capacity, with 60 kg
payload on the robot head. The motors are assumed to work
initially at 50% of their full capacity, which is 8.4 kW. A sensitivity
Fig. 1. 3DP cob wall and 3DP concrete wall.
Fig. 2. Conventional concrete construction wall.
Table 1
The specifications for each wall section per method.
Wall name Method Area m2 Thickness Type Volume m3
Conventional Concrete Conventional 1 NA solid 0.3a
Conventional Cob Conventional 1 0.6 solid 0.6
3DP Concrete 3D printed 1 0.4 patterned 0.16
3DP Cob 3D printed 1 0.5 patterned 0.31
a This volume includes concrete mix, framework, concrete block, reinforcement steel, and mortar.
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the robot runs on its full capacity.
To calculate the required time for the 3D printing process, two
factors need to be defined: firstly, the 3D printing speed; and sec-
ondly, the perimeter length of the design pattern/path line for the
wall, inclusive of all the layers. The operation time can be calculated
by dividing the perimeter length over the 3D printing speed. The
printing speed differs between 3DP in cob and a 3DP in concrete
because of the different properties of the materials. The printing
speed for 3DP cob was set at 0.05 m/s. This speed was found to be
appropriate for cob printing based on several tests that took place
at Cardiff University and the findings of Veliz et al. (2018). The 3DP
concrete printing speed was set at 0.25 m/s (Besix, 2019).
The length of the perimeter/path line in 3D printing could be
defined as the total length of all the layers that construct the wall
unit, which equals the perimeter of a single layer multiplied by the
number of layers. This study uses inner patterns for the 3DP walls
as adopted in the industry. The selected pattern for the 3DP cobwas
inspired by 3DP WASP prototypes (3D-WASP), while the chosen
pattern for the 3DP concrete was supplied by the CyBe project in
Saudi Arabia (CyBe, 2018)(Fig. 3). The length of the total path line
for the 3DP cob is 146.3 m and for the 3DP concrete 412 m. This
noticeable difference in path line length between cob and concreteis due to the difference in the 3D printing settings. The printing
layer height in the 3DP cob is 30 mm, while in the 3DP concrete it is
10 mm. Hence, more layers are required for the 3DP concrete to
achieve the same required 1.0 m height wall. Increased number of
layers means a longer total path line. By applying the previous
calculations, the electricity consumption was found to be 6.8 kWh
for 3DP cob and 3.9 kWh for 3DP concrete.
2.3.2. Electricity consumption for conventional cob and concrete
In conventional constructions, the work is undertaken by
manual labour. Nevertheless, in the environmental analysis, the
energy requirements and emissions associated with human life are
not counted usually (Agustí-juan et al., 2017). A study conducted by
Alcott (2012) calculated the human factor, but the results showed
that the impact was insignificant. Therefore, human factor is not
included in in this study, that is, this study does not include the
energy consumption to manufacture conventional concrete
because all the manufacturing processes were done manually.
2.4. Material characterisation
2.4.1. Cob
Weismann and Bryce (2006) suggested a water to subsoil ratio
Fig. 3. CyBe 3DP concrete pattern (left), 3D WASP 3DP cob pattern (right).
Table 3








Kg/m3 % Kg/m3 % Kg/m3 % Kg/m3 %
Cement 430 19.5 579 25 659 30 500 20.5
Fly-ash 170 7.7 165 7.1 87 4 0 e
Silicafume 180 8.1 83 3.6 83 4 43.5 1.8
Sand/aggregates 1240 56.1 1241 53.5 1140 52 1713 70.5
Water 180 8.1 232 10 228 10 169 7.
Superplasticiser 10 0.5 16.5 0.7 11.6 0.5 4.32 0.2
Fibre 0 e 1.2 0.05 1.2 0.05 0 e
Total density 2210 2318 2210 2430
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water per each 80 kg of subsoil by weight (20: 80%). The recom-
mended amount of straw to be included in the mix is 2% of the
weight of the subsoil and water mix. A comprehensive systematic
review by Hamard (2016) affirmed the proportions of the cob
mixture (78% subsoil, 20% water and 2% fibre i.e. straw). Hamard
(2016) also stated that the subsoil formula itself is 15e25% clay to
75e85% aggregate/sand. Similarly, Harrison (1999) recommended a
subsoil formula of 20% clay to 80% aggregate/sand.
However, as cob is conventionally mixed in a near dry state due
to the low water ratio, the commonly used proportions of water to
subsoil do not fit the purpose of the 3D printing technique. The 3D
printing technique involves a material extrusion process through
tubes and/or hoses; therefore, less viscous material is always
preferred to reduce the amount of friction inside the system, which
then reduces the loads on the motors. Two comprehensive studies
on 3DP cob have recommended a new cob mix that has reduced
viscosity. Based on a number of 3D printing tests, the water content
in the 3DP cobmixturewas increased to 23e25%, while the amount
of straw was fixed at 2% (Gomaa et al., 2019) (Table 2).
2.4.2. Concrete
3DP concrete is a mix of cement, fly ash, silica fume, sand, water,
superplasticiser, and fibre (Lau et al., 2012; Agustí-juan et al., 2017;
Nerella and Mechtcherine, 2016; Anell, 2015). Each of the previ-
ously cited studies suggested different ratios of material in the 3D
printed concretemix (Table 3). An extensive review of the literature
revealed that Le et al. (2012a) had carried out comprehensive
testing of several 3DP concrete mixes to define which had the best
workability and usability. Other studies used Le et al. (2012a) as a
main starting point to develop their newmixes (such as Labonnote
et al., 2016; Ngo et al., 2018; Buswell et al., 2018; Wolfs, 2015; Paul
et al., 2018; Malaeb et al., 2015). Hence, this study conducted the
LCA on the concrete mix recommended by Le et al. (2012a). How-
ever, to further explore the differences in the environmental im-
pacts of the 3DP concrete mixes, two more concrete mixes, taken
from Nerella and Mechtcherine (2016) and Anell (2015), will be
used in the sensitivity analysis section.
This study used the 35 MPa conventional concrete type and
column size 60  20 cm2 with 8 Ø 16 mm steel rods. The beam sizeTable 2
The components of 3DP and conventional cob.
Subsoil Water Straw Total (kg)
% Kg % Kg % Kg
Cob conventional wall 78.0 748.8 20.0 192 2.0 19.2 960
Cob 3D printed wall 73.0 392.6 25.0 134.4 2.0 10.8 537.8was 40  20 cm2 with 6 Ø 16 mm steel rods, each concrete block
was 40 cm  20 cm x 20 cm, and the formwork was plywood.
Plywood sheets have a thickness of 15 mm and are assumed to be
used twice (one time per each side). All of the reinforced concrete
properties used in the conventional wall were taken from the Na-
tional Committee for the Saudi Building Code (Table 4).3. Results and discussion
This section discusses the results of the study in three steps.
First, the overall outcome of the study, that is, the comparison of
the four types of walls in terms of their environmental impacts. This
step will also include a description of the results pertaining to the
different properties of each material. The second step explores the
breakdown of the impact of each wall type. This aim of this
breakdown is to determine which material and/or process has the
highest environmental impact within each wall type. Having
defined the highest contributors, the third step will be to analyse
the sensitivity of each contributor and describe the changes in the
environmental impact.
The produced analyses in Simapro were initially in the form of
characterised values that show the relative difference in theTable 4
The construction components of the conventional concrete method.
Concrete Conventional Wall Percentage Kg
Concrete blocks (main body) 50% 112.6
Formwork (wood) 16% 6.5
Reinforcement Steel 2% 12.3
Concrete mix 30% 206.1
Mortar 2% 12.5
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seen in Fig. 4. In order to obtain a holistic overview of the whole
impact of the products, the characterised results must be normal-
ised and weighted using special factors as indicated in the PEFCR
guidance (European-Commission, 2017). Normalised and weighted
results can then be used as a real representation of the performance
in all the impact categories collectively. For example, in Table 5, the
characterised values were normalised using the normalisation
factor (NF/person), then weighted using the weighting factor (WF/
person) to produce the overall improvement in performance per
wall type in all the impact categories combined, all as compared to
the conventional concrete wall.3.1. Primary comparison
The results generally align with the results of several other
studies (including Agustí-juan et al., 2017; Kafara et al., 2017) which
claimed better environmental performance for 3DP technologies
when compared to conventional concrete construction. The novel
added factor in this study is the introduction of cob as an alternative
material in both the conventional and the 3D printingmethods. The
conventional concrete wall recorded the highest overall environ-
mental impact out of all the other three walls. In addition, the 3DP
concrete wall achieved a collective 24% improvement in all the
seven relevant impact categories combined when compared to
conventional concrete. However, in the global warming category,
3DP concrete performed 27.2% worse than conventional concrete.
Unsurprisingly, the 3DP cob showed better environmental perfor-
mance as compared to the concrete-based walls, with an overall
improvement of 85% over the conventional concrete wall and 87.9%
improvement in the global warming category only (Fig. 4 and
Table 5).
The study initially included the conventional cob wall as a base
line as it was anticipated that this will yield the most efficient
environmental performance. This was a correct assumption on a
collective scale; interestingly, however, both the 3DP cob and the
3DP concrete performed better in comparison with the conven-
tional cob wall in several impact categories, such as marine
eutrophication, land use and mineral resources scarcity. These
three categories are heavily related to the use of straw and subsoil,
which are found in large amounts in conventional cob walls.
However, conventional concrete performed better than conven-
tional cob in the mineral resource scarcity category, again due to
the huge presence of subsoil in conventional cob (Fig. 4 and
Table 5).Fig. 4. Chart shows the characterised overall outWhen focusing on concrete-based walls, the results revealed
that 3DP concrete has an overall improvement in all categories
collectively with 24%, except for the global warming category
(European Commission, 2017). This is mainly due to the use of
concrete and fly ash. Additionally, the reason for the poor perfor-
mance of conventional concrete in the other impact categories is
the presence of reinforcing steel and concrete which contribute
highly to CO2 emissions (Habert et al., 2013). These results could
change if the comparisons were done on the basis of a whole
building, including all structural elements, because 3D printing
technology produces almost zero waste (Xia and Sanjayan,
2016)(Fig. 5 and Table 6).
On the other hand, despite the outperformance of 3DP cob over
conventional cob in five of the seven impact categories, conven-
tional cob has shown a much higher overall performance, with 83%
improvement over 3DP cob (Fig. 6 and Table 7). This is clearly down
to the good performance of conventional cob in two of the most
important and highly weighted impact categories: global warming
and fine particulate matter formation (European Commission,
2017). It is also due to the high use of electricity in 3DP construc-
tion, which severely affects both global warming and fine particu-
late matter formation. The breakdown of both materials will be
given in the following section.
Since the focus of this study was 3DP technologies, a focused
comparison on 3DP concrete and 3DP cob is provided in Fig. 7
below. As seen in Table 8, the environmental performance of 3DP
cob is 80.0% better than 3DP concrete in the seven impact cate-
gories. The graph below (Fig. 5) shows that 3DP cob achieved a
better performance in global warming, stratospheric ozone deple-
tion, and fine particulate matter formation, while 3DP concrete
performed better in marine eutrophication, land use, and mineral
resources scarcity.3.2. The breakdown of impacts
For a deeper understanding of the results, each wall type was
analysed separately through a breakdown of ingredients in order to
identify the impact in relation to each sub-material. Also, the
overall contribution of all categories will be analysed with a focus
on global warming as the most important impact category. The
results were normalised and weighted to give a better under-
standing of each impact category.
With regards to conventional concrete, it was found that 49% of
the environmental impact was due to the reinforcing steel which
scored the highest contribution out of all the categories, except landcome of comparing the four types of walls.
Table 5
Percentage of improvement in environmental performance of the wall types as compared to conventional concrete method. (NF: Normalisation factor; WF: Weighting Factor).
Impact categories NF/person WF/person Conv. Cob 3DP Conc. 3DP Cob
Global warming 8095.53 22.19 98.2% 27.2% 87.9%
Stratospheric ozone depletion 5.37E-2 6.75 29.8% 10.7% 32.0%
Particulate matter 5.95E-4 9.54 97.8% 23.9% 85.7%
Marine eutrophication 19.545 3.12 34.0% 47.7% 11.7%
Land use 81.94Eþ4 8.42 74.3% 93.8% 83.3%
Mineral resource scarcity 6.36E-2 8.08 18.3% 60.1% 26.4%
AWARE (water depletion) 11468.7 9.03 34.3% 14.7% 49.7%
Overall improvement e e 96% 24% 85%
Fig. 5. Comparison between 1 m2 3DP Concrete wall with 1 m2 Conventional Concrete.
Table 6
Percentage of improvement between 3DP Concrete and Conventional Concrete.
Conventional Concrete 3DP Concrete
Global Warming 27.2% e
Stratospheric Ozone Depletion e 11%
Fine Particulate Matter e 24%
Marine Eutrophication e 47%
Land Use e 94%
Mineral Resource Scarcity e 60%
Aware e 15%
Overall Improvement e 24.0%
Table 7
Percentage of improvement between 3D Cob and conventional Cob.
Percentage of Improvement
3DP Cob Conventional Cob
Global Warming e 85%
Stratospheric Ozone Depletion 3%
Fine Particulate Matter e 84%
Marine Eutrophication 34%
Land Use 35% e
Mineral Resource Scarcity 40%
Aware 23% e
Overall improvement 83%
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scores as the second highest contributor with an overall 19%
contribution in all categories (Fig. 8). This finding obviously puts
3DP techniques at an advantage as it does not require the use ofFig. 6. Comparison between 1 m2 3DP Coformwork and reinforced steel (CyBe, 2018). However, the high
presence of cement in the 3DP concrete wall reduced its environ-
mental performance, especially in the global warming impactb wall with 1 m2 conventional Cob.
Fig. 7. Comparing 1 m2 3DP concrete with 1 m2 3DP cob.
Table 8
Comparison of the environmental performance between 3DP Cob and 3DP Concrete.
3DP Concrete 3DP Cob
Global Warming e 91%
Stratospheric Ozone Depletion e 24%
Fine Particulate Matter Formation e 81%
Marine Eutrophication 41% e
Land Use 63% e
Mineral Resource Scarcity 46% e
Aware e 41%
Overall improvement e 80.0%
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scores out of the three types of wall. The impact breakdown of 3DP
concrete shows that cement and fly ash are collectively responsible
for 70.8% of the environmental impact and obtained the highest
contribution scores out of all the categories. Transportation ach-
ieved the next highest score with 12.8% contribution in all the
categories (Fig. 9).
In conventional cob construction, straw contributes 68% of the
overall impact across all the categories, except mineral resource
scarcity, where subsoil contributed the highest score (Fig. 10). On
the other hand, the electricity used in 3DP cob, mainly used in the
operation of the robotic arm, contributed 83% of the impact across
all the categories, followed by straw with an overall score of 7%
(Fig. 11). Considering the very low ratio of straw (2%) in the cobFig. 8. Breakdown analysis of 1 m2 wamixture, it can be concluded that straw has a significant effect on
overall environmental performance. In addition, 3DP cob was
proven to have the best collective environmental performance,
even when compared to conventional cob. This is due to the
massive reduction in the quantity of material and weights used in
3DP cob in comparison with conventional cob due to the integra-
tion of voids in the internal structures and the minimal amount of
material used in the wall volume.3.3. Sensitivity analysis
Based on the previous observations, it is important to test the
sensitivity of some materials that were identified to have a large
environmental impact and explore how this impact can be
improved or reduced. The sensitivity analysis for this study was
carried out on the basis of three scenarios: (1) changing the per-
centage of steel reinforcement in conventional concrete; (2)
changing the 3DP concrete mix; and (3) changing the robotic
operation payload and geographical location. Conventional cobwas
excluded from the sensitivity analysis, as it had a significantly
better environmental performance than all the other three types.
Moreover, there is no demand for conventional cob for construction
on the modern construction market.3.3.1. Conventional concrete
As mentioned earlier, steel contributed the most to thell of Conventional Concrete type.
Fig. 9. Breakdown analysis of 1 m2 wall of 3DP Concrete.
Fig. 10. Breakdown analysis of 1 m2 wall of Conventional Cob.
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steel used in the wall was originally calculated based on a rein-
forced 600  200 mm2 column and 400  200 mm2 beam which
are used in a regular two-storey building. The amount of steel
reinforcement and concrete were then reduced by nearly 20% and
22% respectively, to represent a smaller column of 400  200 mm2
that can be used in a one-storey building, to mimic the walls that
were used for the 3DP houses. This reduction in steel and concrete
improved the performance of conventional concrete by an overall
17% and 16% in the global warming category when compared to the
original concrete wall (Fig. 12).3.3.2. 3DP concrete
As mentioned earlier, this study explored two more concrete
mixes taken from Nerella and Mechtcherine (2016) and Anell
(2015) to better understand the variations in the environmental
performance associated with changing mix ratios of the cement, fly
ash and sand. The results demonstrated that there is no specific
component to focus on, as each recipe has a different proportion of
components (Table 9). However, as shown, reducing cement and fly
ash in the mix does not necessarily guarantee an improvement in
the environmental performance of the 3DP concrete (Table 9). Itwas observed that the reduction in cement and fly ash ratios in the
3DP concretemix is usually accompanied by an increase in the sand
and aggregate ratios, which then increases the overall quantities of
material and consequently increases the environmental impacts of
transportation. Therefore, it is concluded that it is important to
analyse the main components of the 3DP concrete mix holistically.
It was found that, generally, all the three 3DP concrete mixes
performed environmentally better than the conventional concrete
wall, by 60.4%, 52.7% and 53.7% for the Nerella and Mechtcherine
(2016) mix, the Le et al. mix (2012) and the Anell mix (2015)
respectively. However, the Nerella and Mechtcherine (2016) mix
had the lowest impact on global warming and all the categories
when compared to the other mixes and conventional concrete
(Table 10 and Fig. 13). This may be an indicator that recently
developed mixes can have the potential of performing better
environmentally.3.3.3. 3DP cob
A few changes were made in the robotic operation concerning
electricity consumption and location. Firstly, the robotic operation
capacity was changed from 50% to 100%. This means that the
payload was changed from 8.4 kW to 16.8 kW. This change led to
Fig. 12. Comparing main Conventional Concrete wall to the reduced steel and concrete version.
Fig. 11. Breakdown analysis of 1 m2 wall of 3DP Cob.
Table 9
The percentage breakdown of contribution towards the environmental impacts for each component in the three 3DP concrete mixes.
Cement and fly ash Water Polycarboxylates Fibre cement Sand and gravel Transportation Electricity (Robot operation)
Le et al. (2012b) 71% 0.05% 5% 0.3% 2.6% 13% 8.3%
Anell (2015) 72.5% 0.05% 4% 0.3% 2.4% 12.50% 8.5%
Nerella and Mechtcherine, (2016) 68% 0.04% 4% 0.0% 3% 15% 10%
Table 10
The percentage of overall improvement in environmental performance of 3 dP concrete mixes as compared to conventional concrete method.
3DP Conc (Nerella and Mechtcherine, 2016) 3DP Conc. (Anell, 2015) 3DP Conc (Le et al., 2012b)
Global warming 13% - 4.6% - 5.7%
Overall categories 60.4% 53.7% 52.7%
H. Alhumayani et al. / Journal of Cleaner Production 270 (2020) 12246310double the amount of electricity consumption that deteriorated the
performance of 3DP cob by 55% in both overall and global warming
levels (Fig. 14).
The impact of changing the geographical location from Saudi
Arabia to Australia was also tested. The electricity in Saudi Arabia is
totally produced from non-renewable energy resources (ERCA,
2018), while 19% of electricity generation in Australia comes fromrenewable energy sources (Dixit, 2019). This study chose the state
of South Australia (SA) as a case study for this sensitivity analysis as
more than 50% of its electricity comes from renewable sources
(Dixit, 2019). Altering the location from Saudi Arabia to South
Australia resulted in an improvement of the environmental per-
formance by 52% overall and 36% in the global warming category
(Fig. 15).
Fig. 13. Comparison of the three 3DP mixes to conventional concrete wall mix.
Fig. 14. Comparing 3DP cob 50% electricity with 100% electricity.
Fig. 15. Comparison of 3DP Cob method in South Australia to 3DP Cob in Saudi Arabia.
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Digital fabrication technologies have recently been adopted in
architectural applications and constructions; however, the envi-
ronmental impacts of such approaches have not been thoroughly
investigated. This study compared the environmental impacts of
constructing a wall using 3D printing construction methods with
the impact of conventional construction methods. Four different
types of materials were tested: conventional concrete, conventional
cob, 3D printed (3DP) concrete and 3DP cob.
The study had the following results:
1. Conventional cob has the least overall environmental impact
and global warming potential, followed by 3DP cob. As expected,
conventional concrete had the, highest environmental impact in
all categories except global warming.
2. While 3DP concrete had a lesser overall environmental impact
(by more than 50%) than conventional concrete, the perfor-
mance of 3DP cob is still better than 3DP concrete due to its
lesser global warming potential, stratospheric ozone depletion
and fine particulate matter formation.
3. However, while the overall environmental impact of 3DP con-
crete is more than that of 3DP cob, it has less impact on marine
eutrophication, land use, and mineral resources scarcity.
4. A detailed analysis shows that the high environmental impact of
conventional concrete construction is mainly due to the use of
reinforcing steel (49% contribution) and concrete (19%).
5. The absence of reinforcing steel bars in 3DP concrete is the main
reason for its better environmental performance when
compared to the performance of conventional concrete.
6. While conventional cob has a better environmental perfor-
mance than the other three construction methods, the high
content of straw in conventional cob contributes to its overall
environmental impact while the use of subsoil contributes to
mineral resource scarcity.
7. The consumption of electricity to operate the robotic arm in 3DP
cob contributes to 83% of its overall environmental impact,
while the very low straw content in the 3DP cob mixture con-
tributes to its low environmental impact.
These results suggest that the environmental impact of con-
ventional concrete is mostly due to its steel reinforcing bars as well
as the concrete used. Changing the amount of steel reinforcement
and concrete (but keeping it to the standards required for a one-
story building) would reduce the environmental impact of con-
ventional concrete. The environmental impact of 3DP concrete is
mainly depending the ratio of the components of the mix, hence in
the future modified mixes can reduce further the environmental
impact of 3DP concrete.
On the other hand, the environmental performance of 3DP cob
is not as affected by the material used as it is by the amount of
electricity used to operate the robotic arm. Using renewable energy
sources to generate electricity for the robotic operations would
significantly reduce the environmental impacts of 3DP cob. The
current global trends are moving towards renewable sources of
energy (REN21, 2019). Moreover, 3DP cob can generate complex
shapes to meet the evolving demands of contemporary construc-
tion, which is difficult to achieve manually using conventional cob.
In addition, 3DP facilitates modifications, repetitions, and mainte-
nance if needed. However, 3DP cob still suffers some major limi-
tations in terms of structural strength and productivity of the
construction process as compared to 3DP concrete and other con-
ventional construction methods. In the context of the limited
available information regarding 3DP construction, this study aims
to inspire researchers to further investigate 3DP construction andassess its performance from cradle to grave.
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